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THE CORONA VOLTMETER AND THE 
ELECTRIC STRENGTH OF AIR 
A Natural Secondary Standard of Voltage 


BY J. B. WHITEHEAD 

Professor of Electrical Engineering, Johns Hopkins University 

AND T. ISSHIKI 

Engineer,Shibaura Engineering Works 

An improved form of tbe corona voltmeter is des¬ 
cribed. Precision measurements of crest values of high 
alternating voltage taken in the high-tension circuit are 
compared with the indications of the corona voltmeter. 

The law of corona has been determined to a higher 
degree of accuracy, and a modification in the form of the 
law as heretofore accepted is revealed. 

As based on the precision voltage measurements the 
corona voltmeter is proposed as a natural secondary 
standard of high voltages. Its advantages as a stand¬ 
ard, and its practical operation are described. 


I. Introduction 

T HE corona voltmeter is an instrument for measur¬ 
ing accurately the crest values of high alternating 
voltages. It makes use of the fact that corona 
forms on a clean round wire in air at a sharply marked 
definite value of voltage dependent in a simple relation 
on the density of the air. The range of the instru¬ 
ment using a single wire is extended to wide .limits 
by enclosing the wire and varying the density of the 


air. 

The essential elements of the instrument are a central 
rod or wire on which corona forms, an outer concentric 
cylinder forming the opposite terminal, an outer 
air-tight containing case in which the air pressure may 
be varied, and convenient means for determining ac¬ 
curately the first appearance of corona. The prin¬ 
ciple and method of operation, including the use of 
gaseous ionization and sound as corona indicators, 
and two earlier forms of the instrument have been 
described in an earlier paper . 1 An improved type of 

1. A bilbiography of all references will be found at the end of 
the paper. 
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the instrument for voltages in the neighborhood of 
150,000 volts is described below and shown in Figs. 9 
and 10. 

The principal object of this paper is to describe a 
series of experiments in which the values of corona 
forming crest voltages have been determined by pre¬ 
cision measurements made in the high-voltage circuit. 
Also to show that the law followed is so definite, and 
the indications of the instrument so constant, that it 
constitutes not only an accurate measuring instru¬ 
ment, but also through the results of the present in¬ 
vestigation, a natural secondary standard of high 
voltage possessing many advantages over others at 
present in use. 

An important result of the work is the discovery of an 
interesting modification of the law of corona formation. 

The various precautionary and check measurements 
taken to ensure the accuracy of the final readings con¬ 
stitute in themselves prime evidence of the accuracy 
of the corona as a measure of voltage, and also of its 
constancy and reliability in operation in the corona 
voltmeter. In addition some further notes on the 
operation of the voltmeter are given towards the end 
of the paper. 

II. The Corona as a Standard of Voltage 

Two striking properties of the high-voltage corona 
in air have led to the suggestion of its use for the meas¬ 
urement of voltage and to the development of the 
corona voltmeter. The first is the remarkable con¬ 
stancy of the value of voltage at which, under fixed 
conditions, the corona appears on a round wire or rod; 
and the second is the simplicity of the law connecting 
the critical or corona-forming voltage with the diam¬ 
eter of the rod and the condition of the surrounding 
gas. 

The former of these properties has been noted by a 
number of observers and in particular by one of the 
present authors in the first of a series of papers on the 
electric strength of air, 2 and again especially in a paper 
on the corona voltmeter. 1 Using a clean round rod 
and the best type of portable voltmeter in the low- 
tension circuit, on repeated raising and lowering of the 
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voltage corona appears sharply at exactly the same 
value throughout, that is, at a value constant to within 
say one-tenth or one-quarter per cent. Under more 
refined conditions the constancy is shown to be even 
closer. 

The empirical law connecting the critical or corona¬ 
forming voltage gradient E in kilovolts per cm., at the 
surface of the wire, the radius of the wire r in centi¬ 
meters, and the relative density of the gas 5, is usually 
stated in the form 

e - a ' 8 ( i+ w) , (i) 

A more convenient form for our present purposes is 

E/b = A + —§= (2) 

VS r 

which gives a linear relation between E/5 and > 

obviously B' = A B. 

The value of 5 is given by 

3-92 p ( 3 ) 

273 + t 

in which p is the pressure in centimeters of mercury 
and t is the temperature in degrees centigrade. 

The above relatively simple relations have now been 
corroborated by a number of observers and with quite 
close agreement as to the values of A and B. The 
influence of the diameter of the wire on corona-forming 
voltage was first emphasized by H. J. Ryan, 3 who was 
also the first to point out the possibilities of the corona 
as a voltage indicator. The exact nature of this 
influence and the presence of the two constants A and 
B were first shown by one of the present authors. 4 
The precise influence of the density of the air was 
first shown by F. W. Peek, Jr., 6 in one of the most 
important contributions yet made to the knowledge 
of the subject. Moisture in the air has no effect on 
the critical intensity. 2 . , ,, 

The form of the above law is the same for both 
continuous voltages and crest values of alternating 
voltages. With continuous voltage, however, there 
are appreciable differences in the values of the con- 
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stants A and B, as between positive and negative 
corona-forming wire, the form of the law in each case 
remaining the same. 6 One of the most important 
results of the present work is the fact that this differ¬ 
ence between positive and negative corona is reflected 
in the alternating corona, and that the law as given by- 
formulas (1) and (2) must be modified. Briefly stated, 
the modification consists in the use of different values 
of the constants A and B above and below a definite 

value of —, the form of the law, however re- 
VSr 

maining the same in each case, as will be seen below. 

It has generally been accepted that within the com¬ 
mercial range frequency has no influence on the corona¬ 
forming voltage. Observations with the accurate 
methods used in the experiments show a slight influence 
of frequency within the range mentioned. 

Since corona formation through the constancy of its 
appearance and the simplicity of its law offers a ready 
means for the measurement of high voltage, it is im¬ 
portant that the constants A and B be determined 
accurately. When this is once done, such an instru¬ 
ment as the corona voltmeter has a calibration depend¬ 
ent only on its dimensions, and so constitutes a natural 
secondary standard of voltage. 

Nearly all determinations of alternating corona 
voltages have been based on observations of voltage 
and crest factor taken in the low-tension circuit, and 
computed from transformer ratios. As is well known, 
this method is subject to serious errors on both acco un ts. 
If therefore advantage is to be taken of the constancy 
of corona voltage as a standard and as a method of 
measurement, it is necessary that the constants A 
and B be determined by direct measurement in the 
high-voltage circuit of the crest values of corona 
voltage, and to a relatively high degree of accuracy 
in terms of accepted standards. These determina¬ 
tions once made over a sufficiently wide range of 
values of 8, corona formation, by reason of the simpli¬ 
city of the relation of formula (1), and its freedom from 
outside influence, becomes a far more reliable standard 



1920] J . B . WHITEHEAD AND T . ISSHIKI 1061 

than the sphere gap, the potential transformer, or 
any other standard at present proposed. 

III. Precision Measurement of Corona Constants 

For the determination of the values of A and B we 
must (1) measure accurately the crest value of alter¬ 
nating voltage at which corona appears, (2) be able 
to observe to as small a difference of voltage as possible 
the first appearance of corona, and (3) measure 8 and 
provide a wide range of its values. 

The crest .value of voltage (1) may be determined 
from the average value of the charging current of an 
air condenser in the high-voltage circuit. This method 
first used by Chubb and Fortescue, 7 was modified by 
Whitehead and Gorton, 8 and is now further improved 
as described below. 

For (2) the accurate observation of the first ap¬ 
pearance of corona, two methods are used,—(a) the 
telephone for detecting the sound of the corona, and 
(b) the galvanometer for detecting the conductivity 
of the air caused by the corona. Both methods are 
used in the corona voltmeter and are described in 
detail in an earlier paper; 1 further observations are 
reported below. The visibility of corona is neither 
convenient nor accurate as a means of determining 
its first appearance. 

The corona voltmeter with its air-tight outer casing 
provides the method (3) for the observation of 8, the 
relative air density, and its variation over a wide range. 
Pressure and temperature are read and the pressure 
may be adjusted to any chosen value, thus permitting 
setting for any value of 5. 

III. 1. Measurement of Voltage 

If an alternating voltage of maximum value E, volts 
and frequency / be impressed on a condenser of capac¬ 
ity C, the average charging current is 

i = 4fCE ; ( 4 ) 

if / and C are known and i is measured E the maximum 
for the maximum value of charging voltage is de¬ 
termined. When used for the high values of voltage 
pertaining to corona formation, one side of the con- 
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denser is grounded and the charging current measured 
in the ground connection. Since the condenser must 
withstand the full maximum voltage and have no di¬ 
electric or other loss, the most convenient form is that 
of concentric cylinders with wide radial separation, and 
with air as dielectric. This, however, means small ca¬ 
pacity per unit axial length, and small total capacity 
if the outside dimensions are to be kept within rea¬ 
sonable limits. Consequently the use of this method 
involves the use of a large air condenser of small capac¬ 
ity and a determination of the value of the capacity. 

Chubb and Fortescue 7 constructed a cylindrical con¬ 
denser consisting of two wooden forms; each covered 
with sheet metal surfaces. The diameters of the two 
members were 60 cm. and 162.8 cm. respectively, and 
the outer member was provided with two flaring guard 
ring ends. The capacity between the inner member 
and the central section of the outer member was cal¬ 
culated as 2.65 x 10“ u farad, no attempt at measure¬ 
ment being made, doubtless owing to the difficulty 
of measuring so small a value. Chubb and Fortescue 
measured the charging current in the ground con¬ 
nection of the central section of the outer member of 
the condenser by means of a d’Arsonval galvanometer 
and a synchronous commutator connected as a shunt 
suppressor. 

In the present experiments the same type of con¬ 
denser is used, i. e., the cylindrical guard ring type with 
voltage applied to the inside member and charging 
current measured in the ground connection of the 
central section of the outside member. The capac¬ 
ity, however, was measured, as described below. Fur¬ 
ther, the charging current was measured by the use of 
two rectifying kenotrons, thus obviating the irregu¬ 
larities and uncertainties of the synchronous commu¬ 
tator. The commutator was, however, frequently 
used for comparison and certain auxiliary tests. 

A diagram of the principal connections is shown in 
Fig. 1. Voltage is applied from the transformer A to 
the corona voltmeter B and the air condenser C. The 
charging current of the central section of the latter 
passes to ground in alternate half waves through the 
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resistances and kenotrons R u K\, and Ri, K 2 . The 
currents in R x and R 2 are therefore pulsating but 
unidirectional and so may be read by a continuous- 
current instrument in series or in shunt, as shown in 
Fig. 1, Gi being a sensitive d’Arsonval galvanometer 
critically damped. A second galvanometer G 2 and a 
telephone T are used to detect the first appearance 
of corona on the central rod of the corona voltmeter 
as described below. A number of auxiliary circuits 
have been omitted from Fig. 1 and will be referred 
to in connection with the various measurements. 

We will now describe in turn the methods of measur¬ 
ing the charging current, the frequency, and the capac¬ 



ity of the condenser, together with the precautions 
taken, the limits of accuracy, and all leading to the 
determination of the value of voltage present on the 
first appearance of corona in the corona voltmeter B. 

(a) Charging Current. Balance in kenotron circuit. 
In formula (4) i is the average value of the charging 
current. In Fig. 1 all positive half waves will pass 
through one kenotron and all negative half waves 
through the other. The d’Arsonval galvanometer in 
shunt to the resistance Ri will therefore receive a 
pulsating unidirectional current and show a deflection 
proportional to its average value. Obviously the com¬ 
bination may be calibrated directly in terms of con¬ 
tinuous current in R\ and in terms of such a calibra¬ 
tion the galvanometer will read one-half the average 
value of the charging current. In view of the fore¬ 
going it is of first importance that when no charging 
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current is passing there be no continuous current 
flowing in the closed circuit KiDK 2 F. This condi¬ 
tion was realized by the adjustment of the point of 
connection to the filament exciting circuits of the 
kenotrons as indicated at Pi P 2 in Fig. 2. This in 
effect interposes a small adjustable e. m. f. counter 
to the normal direction of conductivity, at each 
kenotron. If this is not done the normal leak of 
electrons from the filament, particularly at its negative 
end, results in a small current in the circuit K x D K 2 F. 
In making these adjustments the galvanometer Gi 
was connected first in series in the circuit KiD K 2 F and 
then between the points D and F, repeating with 
adjustments at P i and P 2 until both readings are 



Ground 

Fig. 2—Kenotron Control 


simultaneously zero. After balancing the kenotron 
circuit, as above, it was connected into the condenser 
ground circuit and with alternating voltage on was 
further balanced for equal resistance in the two 
branches by adjustment for zero current in the gal¬ 
vanometer connected across D F; on removal of the 
alternating voltage the circuit KiD K 2 F is still 
balanced. Without these adjustments a small error 
is possible, the galvanometer Gi in the connection of 
Fig. 1 showing at times a deflection of 0.5 mm.; after 
the adjustments mentioned no deflection can be 
detected. 

(6) Influence of Wave Form. The use of the keno¬ 
trons for rectifying the charging current introduces 
an error if the wave form of voltage is not smooth, 
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i. e., if it has more than one maximum in each half 
wave. In this case there is a reversal of condenser 
current following every such maximum or elevation 
in the wave and since the kenotron passes current in 
only one direction, this reverse current passes through 


L 

' P 



Fig. 3—Measurement of Condenser Charging Current 
with Synchronous Commutator 

the opposite kenotron and so does not contribute to 
the galvanometer reading. Similarly in the next 
half cycle the reverse current is recorded in the galvano¬ 
meter as positive. Thus due to both half waves the 
result is a galvanometer reading higher than that cor¬ 
responding to the average charging current. 



The generator used in the experiments has a surface 
wound armature and shows a smooth wave on an 
oscillogram. The inserts of Figs. 4 and 5 show the 
voltage waves as taken from a low-tension tertiary 
coil on the transformer T, Fig. 1, for series and parallel 
connections respectively of the two primary coils. In 
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order, however, to answer this Question definitely, the 
wave form of the voltage at the high-tension terminals 
was taken by the method indicated in Fig. 3, in which 


TABLE i. 

WAVE FORM OP HIGH VOLTAGE 



Galvanometer deflection cm. 

Brushes 

Full wave 

Half wave 

Left 

Bight 

Mean 

Left 

Right 

2 X Mean 

degrees 

22.5 

7.80 

7.76 

7.78 

3.72 

4.10 

7.82 

30 

8.41 

8.47 

8.44 

4.09 

4.39 

8.48 

37.5 

9.14 

9.10 

9.12 

4.42 

4.70 

9.12 

90 

11.91 

11.87 

11.89 

5.87 

6.03 

11.90 

120 

10.68 

10.60 

10.64 

5.32 

5.30 

10.62 


M is the synchronous commutator connected as full 
rectifier or as half-wave suppressor. In this method 
first pointed out by Bedell, 9 for any position of the 
brushes the galvanometer reading is proportional to 



the average value of the charging current for any 
particular half-wave interval between the brushes, and 
this in turn is proportional to the instantaneous value 
of the voltage on the condenser. Figs. 4 and 5 show 
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the wave forms so taken for series and for parallel 
connections respectively of the transformer primary 
coils, which together with Table I, giving a section from 
the complete sheet of readings, indicate the conditions 
of accuracy. The mean values of right and left 
readings of the galvanometer are taken in all cases 
in order to eliminate a slight right and left dissym¬ 
metry probably due to electrostatic disturbance, 
generally noticeable in the very sensitive galvano¬ 
meter, in spite of most careful screening. For obvious 
reasons this disturbance is more pronounced in the 
half-wave measurements in which the galvanometer 
is used as a half-wave suppressor. 

The curves of Figs. 4 and 5 were each taken at the 
critical or corona-forming voltage using the same 
corona rod and equal values of air density. Although 
there are noticeable differences in wave form and in 
the values of effective voltage at the terminals of the 
tertiary coil (38 volts and 34.5 volts respectively) it 
is seen that the maxima of the two waves have very 
closely the same values. Further evidence that no 
error was present due to irregularities of wave form 
is found below in the comparison of corona readings 
taken with kenotrons and with commutator. 

(c) Comparison of Kenotrons with Commutator. With 
the connections shown in Fig. 1, since the kenotron 
conducts in only one direction, the galvanometer 
receives a unidirectional pulsating current, the suc¬ 
cessive pulses being separated by time intervals of 
one-half period. The same conditions may be obtained 
in the galvanometer by the method shown in Fig. 3, 
the resistance Ri being connected straight to ground 
and the synchronous commutator being connected as 
a shunt suppressor, i. e., so that the galvanometer is 
short-circuited during alternate half-cycles. With 
fixed conditions in the high-tension circuit therefore 
both these methods should give the same galvanometer 
reading. In the experiments recorded in the following 
Table II, the voltage was set at the corona-forming 
value for a 0.955-cm. (0.376-in.) diameter rod in the 
corona .voltmeter, for each of the two wave forms 
pertaining to the two methods of connection of the 
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transformer primaries. The table gives for each 
method of connection first the readings leading to the 
commutator setting for maximum galvanometer de¬ 
flection, and this is done using the galvanometer both 
as complete rectifier and as half-wave suppressor. It 


TABLE II. 

COMPARISON OF READINGS WITH KENOTRONS AND WITH 
COMMUTATOR. 



Transformer primaries in parallel 


Full wave 



Half wav< 


Brush 







degrees 

Left 

Eight 

Mean 

Left 

Right 

Mean 

90 

11.99 

12.01 

12.00 

6.07 

5.98 

6.02 

93 

12.00 

12.07 

12.03 

6.09 

5.99 

6.04 

96 

12.00 

12.07 

12.03 

6.09 

5.98 

6.03 

99 

11.93 

12.02 

11.97 

6.01 

5.99 

6.00 

94.5 

11.99 

12.07 

6.01 X 2 

6.08 

5.98 

6.03 

With kenotrons 



1 5.99 

6.01 

1 6.00 


Transformer primaries in series. 

72 

11.82 

11.90 

11.86 

6.01 

5.89 

5.95 

75 

11.92 

12.02 

11.97 

6.04 

5.93 

5.98 

78 

11.98 

12.07 

12.03 

6.08 

5.94 

6.01 

81 

11.97 

12.03 

12.20 

6.07 

5.97 

6.02 

84 

11.89 

12.00 

11.94 

6.02 

5.93 

5.97 

79.5 

11.96 

12.07 

6.01 X 2 

*6.07 

5.97 

6.02 

With kenotrons 





6.01 





5.99 

6.01 

6.00 





5.98 

6.02 

6.00 


is seen that these two sets of readings are closely in the 
relation 2 to 1, and that the commutator setting is 
indicated to within one and one-half electrical degrees. 
The readings at maximum setting are then given and 
directly below them the corresponding kenotron 
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readings. It is seen that there is excellent agreement 
particularly when the full rectification readings are 
included. A further interesting observation was made 
in connecting the galvanometer and commutator as 
shunt suppressor across each of the resistances Ri and 
J? 2 of Fig. 1 in turn, using the maximum brush settings 
and other conditions of Table II. For one of the re¬ 
sistances the full galvanometer deflections of Table II 
were obtained, but for the other the mean of the right 
and left readings of the galvanometer was accurately 
zero, as is to be expected since for the half wave during 
which the kenotron conducts, the galvanometer is 
short-circuited by the commutator. This observa¬ 
tion also indicates the absence of reverse currents 
due to inequalities in the voltage wave. 

(d) Calibration of Galvanometer. The galvanometer 
used for measuring the charging current of the air 
condenser was a late American type d’Arsonval read 
by telescope and scale. Its constants were as follows: 
resistance 115 ohms; sensitivity 40 megohms; free 
period 9.5 seconds; critical damping resistance 560 
ohms. Throughout all the observations the galvano¬ 
meter was shunted with 560 ohms and the combination 
used in series with 10 6 ohms for measuring the potential 
drop across the resistances Ri and Ri in Fig. 1. Since 
the maximum voltage is measured through the current 
in Ri or R it it is obviously of the first importance that 
the galvanometer be accurately calibrated. The 
calibration directly in amperes was effected by passing 
continuous current through R x or R 2 and measuring 
this current through the resulting potential drop over 
a resistance of 499 ohms always in this auxiliary 
circuit; the potential drop was measured on a precision 
potentiometer in terms of a Weston cell. The value 
of the resistance was determined to within 1/25 of 
1 per cent by comparison with certified laboratory 
standards. Two certified Weston cells were used, one 
checking the constancy of that in use with the poten¬ 
tiometer; at the end of the observations their values 
were equal to the fourth decimal. 

The galvanometer was calibrated for every series 
of observations and usually at approximately the scale 
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reading pertaining to the particular charging current 
being measured; see Table VII. 

In order to investigate a possible error due to the 
pulsating character of the galvanometer current when 
the instrument is calibrated for continuous current, 
an extensive series of observations was made using the 
commutator for breaking up continuous current and 
for cutting out alternate half waves of alternating 
current. These experiments have been described in 
another paper, 10 and show that when the galvanometer 
is connected as in Fig. 1 or Fig. 3 the calibration with 
continuous current is accurately the same as that with 
pulsating current whether rectangular or of approxi¬ 
mately sine shape. 

(e) Resistance of Ground Connection. Since the 
central section of the air condenser is connected to 
ground through the resistance and kenotron circuits of 
Fig. 1, two questions arise as to the effect of the re¬ 
sistance of these circuits on the charging current of 
the condenser. First, if the resistance of this circuit 
is sufficiently high the voltage across the terminals of 
the condenser may be appreciably lower than the total 
voltage between high-tension terminal and ground; 
and second, if the resistance in question is sufficiently 
high, suitable adjustment must be made to ensure 
equal potential between the central section of the 
condenser and the guard rings, or otherwise the cur¬ 
rent in the kenotron circuit would not be that due to 
the capacity between the high-voltage member of the 
condenser and the central section of the grounded 
member alone. 

With reference to the first of these questions, the 
calculated capacity of the central member of the con¬ 
denser is 8.262 XlO -11 ' farads. The measured value 
is 8.286XlO -11 farads, (see paragraph (h) below). The 
corresponding reactance at 60 cycles is therefore 
3.2XlO 7 ohms. The resistances Ri and Ri, Fig. 1, 
were 2000 ohms each throughout the experiments. The 
equivalent resistance of one kenotron varies with its 
filament current and also with the current that the 
kenotron is transmitting. The values of these re¬ 
sistances were determined by taking the volt-ampere 
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characteristics of the kenotrons with continuous 
currents. It is not thought necessary to reproduce 
these readings here, as the characteristics of the ken- 
otron are well-known. The maximum value of keno- 
tron resistance obtaining in the experiments was ap- 
proximatley 4000 ohms. 

The filam ent currents of the two kenotrons were 
always adjusted to the same value as indicated by 
a direct-reading continuous-current instrument. Slight 
variations in the filament current have no effect on 
the transmitting power of the kenotron and only 
produce small variations in the equivalent resistance 
of the kenotron. 

Consequently the maximum aggregate resistance 
in the ground circuit of the central section at any time 
was approximately 6000 ohms. This non-inductive 
resistance is in series with the capacity reactance of 
3.21 XlO 7 ohms of the central section of the condenser 
and has therefore a quite negligible effect either in 
elevating the potential of the outer member of the 
condenser above ground, or in reducing the voltage at 
the condenser terminal below the full applied value. 

The accuracy of the above deductions was tested by 
connecting the central section of the condenser to 
ground through resistance only and similarly the two 
guard rings in parallel to ground through resistance 
only. The voltage drop over these resistances was 
studied by means of the commutator and galvanometer. 
The results showed that the voltage drop over each 
resistance was accurately proportional to its value. 
They also showed that the values so measured on either 
resistance were independent of the value of the other 
resistance within the range 0 to 10,000 ohms, the study 
not being carried further. 

With reference to the second question raised above, 
namely, as to the effect of a difference of potential 
between the guard rings and the central section on the 
values of the charging current to ground from the 
central section, it would appear from the foregoing that, 
since the difference of potential between the two 
members is negligibly small, and furthermore since the 
capacity between them is also small, no influence on the 





1920] J. B. WHITEHEAD AND T. ISSHIKI 


1073 


charging current of the central section would be found 
even if the guard rings were connected directly to 
ground. However, it was thought best to investigate 
the matter experimentally and also to determine the 
proper value of resistance to connect between the guard 
rings and ground in order to ensure that the guard 
rings are at the same potential as the central member. 
The results of this study are given in Table III. 

Referring to Table III and Fig. 1, the first column 
gives the value of the resistance R 3 between guard 
rings and ground; the next three columns right, left 
and mean readings of the galvanometer connected 
between D and F of Fig. 1 using the commutator for 
rectification; the next three columns voltage over R 2 ; 
and the next three that over R r both without use of 
commutator; and the last three columns the voltage 
over Ri with the aid of the commutator. These results 
show that the voltage between the point D and ground 
and the voltages over the resistances R 1 and R 2 are all 
independent of the value of the resistance R 3 up to 
10,000 ohms. Furthermore they show that the guard 
rings are brought to the same potential as the central 
section when connected to ground through a resistance 
R 3 of 5,970 ohms. R- s was kept at this value through¬ 
out the course of the work. 

(J) Measurement of Frequency. The value of fre¬ 
quency enters directly from Formula (4) into the expres¬ 
sion for the maximum value of voltage. Constancy of 
frequency therefore and as accurate a determination of 
its value as possible are highly essential to an accurate 
determination of the maximum voltage. 

As regards constancy, the 5-kw. single-phase genera¬ 
tor was driven by a continuous-current motor run as 
the only load on a large storage battery. This constant 
source of supply was further supplemented by an auto¬ 
matic speed control illustrated in Fig. 6. In this 
method the ultimate source of constant speed is an 
electrically operated tuning fork. A small rotary 
converter, R, of the same frequency as the tufting fork 
is driven from the direct-current end and is loaded with 
a resistance on the alternating-current end, the load 
circuit being taken through a pair of contacts on the 
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t uning fork, contact being made once during each half 
wave. The time interval of contact by the tuning 
fork is a fraction of the whole alternating-current 
period. If the speed rises, contact is made at an in¬ 
stant when there is a greater electromotive force and 
current,thus resulting in a greater load on the converter. 
If the speed goes down, the conditions are reversed, 
consequently the tendency of the change of load is to 
maintain the speed of the converter constant. This 
tendency can be made greater or more positive by 
inserting resistance in • the armature circuit of the 
continuous-current end of the converter. 

The shaft of the small converter and that of the 
larger machine which is to be controlled are each sup¬ 
plied with a crown commutator, K 1 and Ko. The num- 



Fig. 6—Control or Frequency by Tuning Fork 


ber of commutator segments for each is chosen so that 
by their speeds the frequencies of reversal of the two 
commutators are the same. The commutators are 
connected together electrically, as indicated in Pig. 6, 
in such a way as to short-circuit a small resistance in the 
armature circuit of the main driving motor for a greater 
or less period, according as the commutators depart 
more or less from the position of exact coincidence of 
phase. The machines automatically find such a 
relative commutator phase relation that an increase in 
speed decreases the duration of short circuit of the 
armature resistance, and vice versa, so that the 
average voltage on the motor armature is such as to 
more or less exactly maintain the speed in a constant 
relation to that in the small converter, which in its 
turn is maintained constant by the tuning fork. The 
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introduction of the small converter is necessary, since 
the tuning fork contacts will not carry the large cur¬ 
rents interrupted in the control of the considerably 
larger direct-current motor. 

The use of the foregoing method prevented slow 
changes of speed due to temperature changes in the 
motor, or to variations of applied voltage, etc. Occa¬ 
sionally changes of this character were sufficiently 
great to overcome the regulating power of the tuning 
fork and the resulting upset in frequency was imme¬ 
diately indicated by the “beats” between the two fre¬ 
quencies detected by means of a pair of stroboscopic 
disks, one on each machine and through either of which 
the tuning fork might be viewed. In this way it was 
possible to tell at any instant by a glance whether the 
frequency was constant. 

Observations taken with the stroboscopic disks 
indicate that by the above method the frequency was 
maintained constant at within 0.5 per cent. In this 
connection it is to be noted, however, that as read by 
the galvanometer, the charging current of the air 
condenser is read as an average value. Gonsequently, 
so long as the frequency is kept to an average constant 
value, momentary changes of frequency will not be 
registered in the galvanometer. This was borne out 
by the general character of the galvanometer reading, 
this reading being always absolutely stationary and not 
subject to any momentary variations which could be 
detected. 

(g) Value of Frequency. Most of the measurements 
described in this paper were made at 60 cycles and this 
frequency is to be understood unless particular note is 
made of some other value. The frequency of the 
tuning fork was measured each day by bringing the 
small rotary converter into synchronism with the fork 
by the method described above and then taking the 
speed of the rotary by means of a “tachascope” or, 
combined revolution counter and stop watch. The 
speed of the rotary corresponding to 60 cycles tor the 
alternating generator was 1800 rev. per min. The 
usual method of observation was to take the number of 
revolutions of the rotary within a period of three min- 
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utes, taking this observation three times and taking the 
mean of these for the determination of frequency. 
Table IV gives an example of the measurements which 

TABLE IV. 

MEASUREMENT OP FREQUENCY. 


Time 

Revolutions of control rotary 

3 min. 

5400 +4.5 

5400 - 4 

5400 - 6 

3 min. 

5400 - 1 

5400 - 3 

5400 - 2 

3 min. 

5400 +3.5 

5400 + 5 

5400 + 2 

Average. 

5400 +2.3 

5400 - 2 

5400 - 2 

Average frequency. 

60.02 

59.97 

59.98 


indicate that the average frequency was determined 
to within 0.04 per cent. 

0 h ) Capacity of Air Condenser. As already stated, 
the air condenser was of concentric cylinder type. It 



Fig. 7—Air Condenser 

had a continuous inside member and an outer member 
consisting of a central section protected at each end 
with guard rings. A photograph is shown in Fig. 7. 
Both members were made from standard cast iron pipe. 
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The surface of the inner member was turned off so as to 
have a uniform diameter and to be free from surface 
irregularities. The ends were filled with rounded 
wooden plugs covered with tin foil and the whole inner 
member was supported by a 1}^ in. pipe through central 
holes in these wooden plugs. The guard ring ends of 
the outer member consisted of straight sections on the 
outer ends of which were mounted standard flanges 
screwed on, the inside surfaces being turned off so as to 
provide a smooth flaring end to each guard ring. 

The central or inner member was supported on dry 
oak posts boiled in paraffin. Sliding and screw adjust¬ 
ments at the top and bottom of these posts permitted 
accurate centering in relation to the outer member. 
The two guard ring ends were tied together by means 
of four stout oak pieces maintaining them in line. The 
central section of the outer member was supported on 
.eight small plate glass insulators mounted in the four 
oak pieces mentioned. The whole was then supported 
in a wooden cradle, as indicated in Fig. 7. 

Following are the principal dimensions of the air 
condenser: 

Diameter of inner member.29.50 cm. (11.61 in.) 

Average diameter of outer mem¬ 
ber..49.30cm. (19.42in.) 

Length of central section of outer 

member.76.20 cm. (30.00 in.) 

Length of guard ring ends.30.5 cm. (12.00 in.) 

The inside diameter of the outer member was not 
strictly uniform. It was measured in twelve places, 
the extreme variation being between 49.20 cm. and 
49.51 cm. The calculated value of the capacity 
between the central section of the outer member and 
the inner member, based on the average diameter of 
the outer member given above, is 8.249 X 10~ u farads. 
In view of the uncertainty introduced by slight irregu¬ 
larities of this character, it was decided to measure the 
capacity. 

The measurement of so small a value of capacity is a 
matter of considerable difficulty and requires much 
care. Maxwell’s bridge method was used, following 
in general the experimental method of Rosa and 
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Dorsey 11 . We were fortunate in being able to borrow 
from the National Bureau of Standards the special 
commutator constructed by them. 

The diagr am of the connections of this method is 
shown in Fig. 8. The principle is well-known and 
consists in replacing one of the resistances in a Wheat¬ 
stone bridge with a condenser, and a suitable device for 
rapidly charging and discharging the condenser. In 
the arrangement shown in Fig. 8 the charging current 
only is used, the condenser being short-circuited in the 
alternate intervals. If, as in our case, the condenser 
has guard rings, it is necessary that they follow the 
same cycle of potential as the central section to be 
measured. This is accomplished by the double bridge 
shown in Fig. 8. R S and R' S' are contacts carried on 



Fig. g— Measurement op Capacity op Air Condenser 
(8.28 x 10- 11 Farads) 

the special form of rotating commutator constructed by 
Rosa and Dorsey for effecting the simultaneous charge 
and discharge of the central and guard ring members. 

The bridge is balanced by varying the arms a and a' 
and when in proper adjustment corresponding arms in 
the two bridges must have identical values. The 
value of the capacity between the inner member and 
the central section of the outer member is 


a F 
nc d 


( 5 ) 


a, c and d are values of resistance; n is the number of 
charges of the condenser per second; and F is a correc¬ 
tion factor depending on the relative values of the 
resistances, and differing but little from unity; in our 
work by about 3 parts in 10,000. 
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The values used by us were as follows: 

c = c' = 521,000 ohms 
d = d' = 50,000 ohms 
£ = g' = 1,124 ohms 

The high resistances were of manganin made up of 
specially wound non-inductive units lent by the 
Bureau of Standards. The remaining resistances were 
of standard, high-grade, laboratory type, and all 
values as given were measured in terms of laboratory 
standards to 0.04 per cent. 

For the determination of n, the number of charges 
per second, the commutator which had sixteen seg¬ 
ments was geared directly to the small rotary converter 
controlled by a tuning fork by the method of Fig. 6, as 
already described. Two speeds differing by the factor 
2 were possible with this arrangement, control of the 
machine speed by the fork being effective at either 
speed. Moreover, observation by means of the 
stroboscopic disk as to the constancy of the speed was 
also possible. The fork thus served for maintaining 
the frequency of charge and discharge at the average 
uniform value pertaining to either of two speeds. The 
value of this frequency, and thereby the value of n, 
was determined by a contact-making device on the 
commutator and a stop watch. The normal speed of 
the rotary was 1800 rev. per min. and this corresponded 
to the value of n = 480. The accuracy of the speed 
determination and so of the value of n was therefore 
within 0.04 per cent. 

In measuring the capacity it was necessary to make a 
correction due to the capacity of the lead wires between 
the condenser and the bridge. This was done by 
measuring the capacity first with the condenser in and 
then with the connection to the central member of the 
condenser opened at the point X, Fig. 8. Two precau¬ 
tions have to be taken following this method; first, as 
to the insulation resistance of-the capacity to be meas¬ 
ured and the insulation resistance of the central section 
of the outer member to ground; and second, the capac¬ 
ity between the bridge wiring and the central member 
when the connection at X is opened. 

With reference to the insulation resistances men- 
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tioned, it was found that in moist weather the values 
were relatively low, say of the order a few hundred . 
megohms, doubtless owing to the rather large surfaces 
of support of the heavy parts. However, in clear dry 
weather the resistances were greater than one-half 
million megohms, a figure which reduces the possible 
error on this account to quite negligible proportions. 
These figures include the commutator insulation and 
were checked at each series of observations for the 
measurement of the capacity. 

As to the possible error due to a charging current 
from the open contact at X through the capacity to the 
central member and thence to the outer member, this 
error was avoided by completely enclosing the project¬ 
ing ends of the central member of the condenser by 
m eans of large cones made of galvanized sheet iron, the 
connection to the central member being carried through 
a small opening in one of the cone ends. The opening 
X was made at this place and under these circumstances 
the interior central member was entirely screened dur¬ 
ing the measurement for the correction due to the 
capacity of all the auxiliary wiring. 

The most difficult part of this measurement is the 
adjustment of the brushes on the commutator for 
simultaneous charge and discharge of the central 
section and the guard ring ends. This requires very 
careful study of the conditions of contact of the brushes 
on the commutator sections, so as to prevent mechani¬ 
cal vibration and to ensure a reasonable permanence 
of a proper adjustment when once it is effected. 
Probably the best test of these conditions is by means 
of an auxiliary circuit through the brush contacts, 
indicating by means of a galvanometer the ratio of the 
r unning to the standstill deflections. By taking the 
two sets of brushes in turn singly and then in series, 
a quite accurate idea of the conditions is obtainable. 
Throughout the measurements of capacity, observa¬ 
tions of this character were taken both before and after 
the capacity readings, thus ensuring satisfactory con¬ 
ditions. As an additional precaution in this direction 
a double set of readings was always taken, the duplicate 
contacts of the commutator being exchanged for the 
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two readings between the central section of the con¬ 
denser and the guard rings. Table V gives the readings 
which were selected as having been taken under the 

table v. 

MEASUREMENT OF CAPACITY OF AIR CONDENSER. 



Half speed n = 240.2 
nc d = 62.56 X 10^ 

A positive 

Full speed n = 480.3 
n c d =125.12 X 10^ 

A positive 

: 

X 

Left 

Right 

Left 

Right 

Closed. 

940 



1851 

Open. 

419 

417 

805 

810 

Closed. 

939 

934 

1839 

1854 

Open. 

Closed. 

419 

417 

934 

805 

1835 

814 

Difference. 

520.5 

517 

1032 

1040.5 

Capacities. 

8.320 

8.264 

8.248 

! 

8.316 


8.296 X lO-ii 


8.282 X 10-n 


A negative 


A negative 


Closed. 


930 


1867 

Open. 

420 

415 

826 

828 

Closed. 

941 

929 

1864 

1864 

Open. 

420 

415 

826 

828 

Closed......... 

942 


1864 

1858 

Difference. 

521.5 

514.5 

1038 

1035 

Capacities. 

833.6 

8.224 

8.296 

8.272 

Mean. 

8.280 X 10 

8.289 X 10"“ 


Mean of means 8.286 X 10~ u farads. 
Calculated value 8.262 X 10~ u farads. 


most favorable conditions, that is to say, those in which 
there was least difference between the two.values of 
capacity corresponding to the exchange of the two sets 
of brush contacts. 
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The figures given in Table V are the values of the 
resistance “a” in ohms. The words “right and “left” 
refer to the particular set of commutator brushes used. 

It will be noted also that readings were taken for two 
speeds and for each speed a reading for a reversal of the 
polarity of the battery of the bridge. The value of 
the capacity in each case is calculated by means of 
Formula ( 5 ) . The final average value of these readings 
is 8.286 X 10 -u farads. The calculated values based 
on independent measurements of the dimensions by 
each of the authors were 8.28 X lO -11 and 8.245 X 10 -11 
farads. 

In computing the maximum value of voltage the 
measured value of the capacity, 8.286 X 10~ u , has 
been used. 

(i) Electrostatic Screening. In view of the small 
value of the current to be measured, especial care had 
to be taken for the elimination of all electrostatic 
inductive effects between the high-tension circuit, the 
outer surface of the condenser, and the various measur¬ 
ing circuits in the ground connection of the condenser. 
With the sensitive galvanometer used it was found that 
the unscreened exposure of relatively small and distant 
portions of the wiring could introduce considerable 
error. It was necessary for the elimination of errors of 
this character to completely enclose in grounded casing 
all of the low-voltage measuring circuits of Fig. 1, 
including the various auxiliary circuits not shown; 
thus the kenotrons, the resistances, Ri, R» and f? 3 and 
their various control circuits were enclosed in one sheet- 
iron box. The entire equipment of the observer’s 
station, including the galvanometers for the measure¬ 
ment of the charging current and for the detection of 
corona and the various calibrating circuits were all * 
enclosed in a small chamber completely surrounded 
with wire mesh. The condenser itself was surrounded 
with an outer screen of wire mesh. All connections 
between these various parts were likewise carried in 
metal conduit. All of the screening coverings des¬ 
cribed were connected together and to ground. 

The test for completeness of electrostatic screening 
consisted in opening the high-voltage connection to the 
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central member of the air condenser at P, Fig. 3, 
applying the voltage, and observing the galvanometer 
in the method of connection of Fig. 3. In this observa¬ 
tion the value of Ri was 9900 ohms and is about five 
times the value used in the charging current measure¬ 
ments. The sensitivity of the galvanometer used was 
1250 megohms and no deflection could be detected. 



Fig. 9 —Corona Voltmeter— 200,000 Volts 


The galvanometer could be read to 0.2 millimeter which, 
in accordance with the magnitude of the deflections 
corresponding to the charging currents measured, 
means that an error on account of electrostatic induc¬ 
tion, if present, is less than 0.1 or 0.2 per cent. 

III. 2. Detection of Corona 
All of the corona observations on which the meas¬ 
urements are based were taken with the corona volt¬ 
meter shown in Fig. 9. A vertical section (not to 
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scale) is shown in Fig. 10. The principal dimensions 
are —height overall 9 ft. 10 in.; outside diameter 
22 ’ in. • diameter of grounded electrode cylinder 
24.67 cm. (9.715 in.); length 60.95 cm. (24 in.). This 
cylinder was perforated over its whole surface with 
0 952-cm. (0.875-in.) diameter holes on 1.27-cm. 
(0 5-in.) centers. The corona rods, 11 in number, of 
diameters ranging from 0.1038 to 1.2665 cm. were of 
tool steel polished and nickel-plated, and were all of the 
same length and equipped with similar threaded end 
fittings. A small opening A in the top cover permits 
easy insertion or removal of a rod, attachment of 
fittings to top and bottom insulators being made 



H— 22"- 


F!G. 10— Corona Voltmeter— 200,000 Volts 


through two hand holes in the sides (see A, B,^ 
Fig. 10). These openings are closed with air-tig 
covers. The cover at A has a glass window per¬ 
mitting observation of visual corona. The oca ions 
of the thermometer M, the telephone, the connections 
T and G for telephone and galvanometer, and otn 
auxiliaries are indicated in Fig. 10. . 

(a) Visual Corona. Attention was first drawn “ 
the phenomenon of. the high-voltage corona y 
power loss between transmission lines. Ihis was 
promptly found to be accompanied by the visual 
corona around the conductors. _ All of the ea y 
studies of corona formation, of which the mos no 
__ +wo p^n 0 -n.cred the first presence of corona 
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by visual means. The visual method, however, is 
neither convenient nor accurate. It necessitates work¬ 
ing in a dark room and is subject to error, in that 
accurate observation depends upon the state of the 
eye as regards its recent usage, fatigue, etc. 

Nevertheless, under carefully controlled conditions 
using long time intervals for eye rests, it is possible to 
secure consistent observations with the visual corona. 
In the earlier papers of one of the authors comparisons 
of corona voltages as between the visual and other 
methods have been recorded showing that they have 
identical values. In the present work observations of 
this character have been repeated in some of the 
auxiliary experiments and they show the identity 
of corona voltages as observed by the visual method 
and by the far more convenient and accurate galvano¬ 
meter. The visual method has, however, not been 
used for the measurements, the telephone and gal¬ 
vanometer being far more accurate and convenient. 

(b) The Telephone as Detector . The presence of 
corona may be detected by its sound even in an open 
space. If the corona conductor is surrounded by an 
outer casing, such as a cylinder forming the opposite 
conductor, the sound within this enclosing space is 
confined and intensified. It may be conveniently 
used as a detector of the first presence of corona by 
means either of a direct tube connection between the 
ear and the enclosing chamber, or by means of a 
telephone transmitter within the enclosing chamber 
and a receiver at the ear. The latter method is neces¬ 
sary if the air pressure is to be varied and so is used in 
the corona voltmeter. 

A number of experiments have been recorded in 
earlier papers, showing the identical values of corona 
voltages as observed visually, with the telephone, and 
with the galvanometer method described below. 
During all of the present work the telephone and gal¬ 
vanometer have been used simultaneously and the 
work throughout makes it certain that either of these 
methods may be used for detecting the first presence 
of corona. 

The present work, however, has revealed that the 
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character of the note in the telephone is different under 
different conditions as regards the size of the corona 
conductor and the density of the air surrounding it. 
This feature has considerable value after slight ex¬ 
perience in the operation of the corona voltmeter, as 
it gives the observer information as to the conditions 
under which he is working. As regards its bearing on 
the accuracy of the telephone as a method of telling 
the first presence of corona, it is only necessary to note 
that the first uniform continuous note, whether it be 
faint and high or considerably louder and of lower 
tone, is to be taken as the signal of the presence of 
corona. The first type mentioned pertains to large 



? E 


Fig. 11 —The Galvanometer as Detector of Corona 

wires at low pressure and the second to smaller wires 
and higher pressures. 

Irregularities or other surface imperfections of the 
corona rod can usually be detected in the telephone 
by a characteristic crackling note quite distinct from 
that of corona. 

(c) The Galvanometer as Detector. The essential ele¬ 
ments of the galvanometer method of detecting corona 
are shown in Fig. 11, in which C is the perforated cylin¬ 
der in the corona voltmeter ‘ which is connected to 
ground and to one side of the voltage to be measured; 
D is a surrounding cylinder only slightly larger in di¬ 
ameter than C , from which it is carefully insulated. 
The remaining elements of the circuit are obvious 
from Figs. 1 and 10. When corona appears on the 
central rod F, the surrounding air is copiously ionized 
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and this ionization extends through the perforations 
to the space between the cylinders C and D which 
thus becomes highly conducting, resulting in a deflec¬ 
tion of the galvanometer G. 

An extensive series of observations has been made 
with corona rods of various size and under different 
conditions as to temperature and pressure on the 
relation between the voltage on the corona rod F and 
the resulting galvanometer deflections. A character¬ 
istic series of observations are given in Table VI, and 


TABLE VI. 

GALVANOMETER AND TELEPHONE AS DETECTORS 
OP CORONA. 

0.314 cm. diameter rod. 


Positive electrode 


T. C. volts 


0 

31.4 
31.5* 

31.7 

31.8 

31.9 

32 

32.1 

32.2 

32.5 

33 

34 


Deflection 

cm. 


0.0 

0.0 

0.0 

0.0 

0.0 

0.06 

0.1 

0.18 

0.58 

1.08 

5.9 

19.8 


♦Telephone. 


Negative electrode 

Electrode 
zero potential 

T. C. volts 

Deflection 

cm. 

T. C. 
volts 

Deflection 

.cm. 

0 

0.0 

0 

0 

31.4 

0.0 

31.4 

0 

31.5* 

11.7 

31.5* 

1.4 

31.6 

16.7 

32 

5.1 



33 

7.3 



34 

8.7 



35 

9.1 



36 

8.4 



37 

6.3 



38 

3.6 



39 

0.1 



40 

-3.9 


the corresponding curves are plotted in Figs. 12, 13 
and 14. In connection with these observations it 
may be noted that the sensitivity of the undamped 
galvanometer was 1280 megohms, and when critically 
damped with a shunt of 3400 ohms the sensitivity 
was 428 megohms. The resistance R was 50,000 ohms 
arid the battery ± 115' volts. From the dimen¬ 
sions of the corona voltmeter already given, the length 
of the cylinder C was 60.95 cm., its diameter 24.67 cm., 
and its space separation from the cylinder D 0,317 cm. 
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From these constants and from the observations the 
resistance of the space between C and D when in the 
initial conducting condition corresponding to the start 
of corona is about 1600 megohms. 

Figs. 12, 13 and 14, pertaining to three different 
sizes of corona rod, are plotted with galvanometer 
deflections in centimeters as ordinates and trans¬ 
former tertiary coil volts as abscissas. Each contains 
three sets of curves taken at different values of air den¬ 
sity. The upper smaller curves are taken with the 



Pig. 12 —Galvanometer as Detector of Corona— 0.314-Cm. 
Diam. Rod 


value of galvanometer sensitivity used throughout 
the voltage measurements. The larger curves are 
taken with galvanometer sensitivity reduced to 1/10 
in order to extend the curves. Three curves were 
taken at each pressure, one each for the electrode D 
of Fig. 11 at 115 volts positive potential, one at 115 
volts negative potential, and one at ground potential. 
The value of voltage at which the telephone is first 
heard is also indicated. It is to be noted that in all 
of these curves negative potential on the electrode D 
is best for the detection of the first presence of corona 
in that the curve rises most sharply. This is especially 
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noticeable with small rods. With larger rods the 
advantage of negative over positive potential holds 
at low pressure, but tends to disappear at high pres¬ 
sures. 

With larger rods at low pressures where the negative 
electrode should be used for first detection of corona, 
the telephone gives a pure high note of relatively faint 
volume within the interval of voltage between the 
curves of negative and positive electrodes, the full 
volume of sound appearing when the latter curve 



Fia 13 — O A D VANOMKTKK AS DWTISCTOK OF OoitONA 0. 
Dr am. Rod 


begins. At high pressures the curves come together; 
and with either positive or negative electrode the 
first corona is accompanied by a full sound in the 
telephone. With the smaller rods, although there 
is also a lag of the rise of the curve of positive electrode 
behind that of negative electrode, the faint initial 
high tone in the telephone is absent and except at 
very low pressures there is no marked variation in the 
telephone note, this note being dear and full with the 
first appearance of corona with negative electrode. 

Considering the foregoing, therefore, from the stand¬ 
point of accuracy of determination of the first appear- 
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ance of corona, negative potential should be used on 
the electrode D in all cases. Conditions of observa¬ 
tion with both telephone and galvanometer are better 
at values of air density above that of normal atmos¬ 
phere, rather than below, if large rods are used. Con¬ 
sequently, for reading low voltages better conditions 
are obtained by using a small rod rather than by 
using a large rod with reduced air density. 

The difference in shape of the curves of positive and 
negative electrode has been noted in an earlier paper. 



Fig. 14 —Galvanometer as Detector op Corona— 0.789-Cm. 
Diam. Rod 


The greater sensitivity of the negative electrode is 
obviously due to the fact that corona formation or 
io niz ation of the air occurs first due to the motion of 
the negative electrons. The acceleration of the elec¬ 
tron is greatest when it is moving toward the positively 
charged corona conductor. Under these circumstances 
the positive ions, as products of the process of ioniza¬ 
tion, would be repelled and would therefore give 
maximum current in the galvanometer circuit of Fig. 11 
when the electrode D is negative. The exact shape 
of the curves probably depends on the wave form of 
voltage, moisture content of the air, and possibly on 
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the frequency. It is only the initial slope of the most 
sensitive of these curves that is of importance in the 
detection of corona; their shape above the region of 
starting is of no present interest. It may be noted 
in passing, however, that it is possible to eliminate the 
voltage for the electrode D entirely and still observe 
the beginning of corona, although at a considerably 
lessened sensitivity. The curves showing the galvano¬ 
meter deflection when the electrode D is at ground 
potential are seen to show reversal of galvanometer 
deflection at the voltage at which the curves of positive 
and negative electrodes intersect. 

With reference to the actual degree of accuracy to 
which the beginning of corona could be observed, it 
will be noted from Fig. 12 that the galvanometer 
deflection begins and increases so sharply as to be 
practically instantaneous. Thus, for example, in 
Table VI and. Fig. 12 the galvanometer deflection 
increases from 0 to 11.7 cm. within the voltage interval 
31.4 to 31.5, the telephone coming in sharply at the 
same point. This indicates an accuracy of a very 
small fraction of 1 per cent. With the larger rod in 
Fig. 14 at high pressure we have a deflection of 1.4 cm. 
within the voltage interval 65.9 to 66. At low pres¬ 
sures the deflection is 2.4 cm. within the voltage 
interval 36.7 to 37.2. From this it will be seen that 
the sensitivity of corona detection is still quite high 
even under the unfavorable conditions of large rod 
at low pressure. 

Throughout the observations the telephone and the 
galvanometer were read simultaneously, each che cking 
the other. If an appreciable galvanometer deflection 
occurred without a corresponding clear telephone 
indication, or vice versa, an explanation could usually 
be found in a local spark or other surface impurity 
on the rod. We believe, in view of the foregoing that 
throughout the work the accuracy with which the 
beginning of corona has been read is better than 1/10 
of 1 per cent. In this connection it may be pointed 
out that the initial flat portion or low rate of rise of 
the negative curves with large wires can only be de¬ 
tected by use of a very sensitive instrument. These 
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initial portions are probably due to slight surface 
imperfections rather than to full corona. This is 
borne out by the fact that the full telephone note 
comes out at a point corresponding to the steep por¬ 
tion of the curve. With an instrument of lower 
sensitivity, such as would normally be used with the 
corona voltmeter, these initial portions of the curve 
cannot be detected and the instrument takes an initial 
sharp deflection accompanied by the simultaneous 
telephone note. 

III. 3 Measurement of Air Density 
The relative air density 5 as given in Formula (3) is 


3.92 X p 
273 + t 


(3) 


p being the absolute pressure in centimeters of mercury, 
and t the temperature in degrees centigrade. Thus 
5 has the value 1 at 76 cm. mercury and 25 deg. centi¬ 
grade. 

(a) Pressure. In the experiments the pressure was 
read on an open mercury manometer, (see Fig. 10), the 
accuracy of observation therefore being to about 0.2 
millimeter. The usual correction for temperature was 
applied. All of the observations leading to the pre¬ 
cision formulas (7) and (8) for the electric strength 
of air were taken within the range of pressures 25 cm. 
and 139 cm. absolute, all of which was covered by the 
mercury manometer. A number of observations study¬ 
ing the performance of the corona voltmeter at higher 
pressures were made with a standard direct reading 
gage by Schaeffer & Budenberg, calibrated within their 
common range in terms of the mercury manometer. 

At the highest and the lowest pressures slight leaks 
in the outer casing of the voltmeter were detected. 
These leaks were, however, quite slow and pressure 
readings were taken at the beginning and end of each 
series of voltage readings. The average value of 
pressure within the interval was usually taken in these 
cases and an inspection of Table VII indicates that the 
error on this account was negligible. In calculating 5, 
p is the absolute pressure in centimeters of mercury. 
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The open mercury manometer reads pressure with 
relation to the atmosphere. Atmospheric pressure 
was determined from the laboratory standard ba¬ 
rometer with the usual correction for temperature. 

(6) Temperature. The temperature within the volt¬ 
meter casing was read on an ordinary laboratory centi¬ 
grade thermometer hung within the casing near its 
wall and so that it could be viewed through a small 
glass window. The thermometer could be read to 
within about 0.2 degree. From an inspection of the 



Fig. 15 —Temperature at Surface of Corona Rod 


value of 5 this indicates that the absolute temperature 
was read to within less than 1/10 per cent. 

The determination of the temperature in this way 
assumes that the temperature of the air at the surafce 
of the corona rod is the same as that near the outer 
wall of the voltmeter. There is an obvious possibility 
of error here, so the matter was investigated experi¬ 
mentally by comparing the thermometer mentioned 
above with another hung immediately adjacent to 
the corona rod and viewed by telescope through another 
glass window. The curves of Fig. 15 show the di ff er- 





6.19 6.22 6.20 6.18 6.22 0.2348 40.05 
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ence in temperature between these two thermometers 
resulting from rapid expansion and compression of 
the air within the voltmeter. They indicate that on 
compression from atmosphere to 30 cm. above atmos¬ 
phere there is a resulting difference of temperature of 
about 1 deg. and on expansion of approximately deg. 
between the two thermometers. In the former case 
the two thermometers reached the same temperature 
within five or six minutes and within a shorter interval 
in the latter case. In the observations no such sharp 
changes of pressure occurred, the common maximum 
change being about 10 cm. In all cases, however, _ 
sufficient time was allowed to ensure that the observed 
temperature was sensibly the same as that near the 
corona rod. 

IV. Experimental Observations 

Many hundreds of observations were taken with 
eleven different sizes of corona rod of diameters, as 
follows: 1.266, 0.955, 0.790, 0.710, 0.654, 0.5536, 
0.4765, 0.3142, 0.2060, 0.1197, 0.1038 cm. The figures 
for the diameters given in the tables and computations 
are the average values taken from 20 micrometer 
measurements on each rod. Except in the cases of 
the smallest rods, the maximum variations from the 
mean diameters as given were quite small, that is, in 
the neighborhood of 0.2 or 0.3 per cent. The rods were 
all of tool steel and nickel-plated after polishing, this 
material and treatment yielding the most accurate 
cylindrical shape and smoothest surface that we have 
found. The extremes of absolute pressure reached in 
the precision determinations were 25 cm. and 139 cm. 
of mercury, although not all the rods were carried 
through the entire range. 

The usual sequence in taking observations was as 
follows: Adjust frequency control and read its value; 
set pressure in corona voltmeter to desired value; 
adjust filament current and kenotron circuit for zero 
current in the closed kenotron circuit; read tempera¬ 
ture and pressure in voltmeter; raise voltage slowly 
until corona begins, as indicated by galvanometer and 
telephone; read value of charging current of condenser 
by galvanometer. 
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One observer took the temperature and pressure 
and read the charging current galvanometer. A 
second observer, who raised the voltage, was equipped 
with telephone head-piece and read the galvanometer 
indicating the beginning of corona. This observer 
also took a reading of an ordinary direct-reading 
voltmeter connected to the tertiary coil of the high- 
tension transformer. This last reading was useful as 
a check of the constancy of circuit conditions and for 
rough comparisons, but its readings were not used in 
any computations. At the instant that the presence 
of corona was detected by galvanometer and telephone 
the slow elevation of voltage would be stopped and 
the first observer would take the reading of the charg¬ 
ing current galvanometer. Obviously the voltage 
elevation could be made as slow as desired and frequent 
check readings were taken which do not appear in 
the record. The degree of constancy of the corona 
voltage is discussed in the following paragraph. After 
each series of observations the charging current gal¬ 
vanometer was calibrated at a deflection approximately 
equal to that of the observation. 

Table VII gives six typical sets of readings of the 
principal data, these sets being selected at random from 
the observation sheets. The first six columns give 
the frequency, temperature and pressure, leading to 
the corrected absolute pressure in column 6. Columns 
7 and 8 give the right and left readings of the galvan¬ 
ometer measuring the condenser charging current. It 
will be noted that there are four pairs of such readings 
for each value of pressure. Between the readings of 
each pair and between each of the pairs the voltage 
was lowered below corona value and raised again. 
The readings of these columns therefore are a good 
indication as to the accuracy with which corona forma¬ 
tion repeats itself. 

Since the beginning of corona is indicated by the 
telephone and by a sudden sharp deflection of the 
galvanometer rather than by the magnitude of the 
deflection of the latter, this latter reading was not 
recorded. (See however Figs. 12, 13 and 14.) A 
direct relative indication of the alternating voltages 
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at which successive coronas start is available, however, 
in the tertiary coil voltmeter and the readings of this 
instr um ent are given in the last column of Table VII. 

Referring to the readings of the pressure, it will be 
noted that there is usually a difference in the net read¬ 
ings of the mercury manometer at the beginning and 
at the end of each series of four pairs of corona read¬ 
ings. These differences are due to slight leakage of 
the voltmeter casing and are therefore greatest for the 
highest and lowest absolute pressures. The differ¬ 
ences are never very great and when they occur they 
are followed by a corresponding change in the corona 
voltage as indicated by the condenser charging current. 
Therefore in taking for each set of readings the average 
value of the pressure and the average value of the 
galvanometer reading no appreciable error is intro- 
duced. 

Three sets of auxiliary observations should be re- 
corded here bearing, respectively, on the perforation 
of the grounded cylinder, the influence of frequency 
and the permanence of the surface of the corona 
forming rod. 

As regards the holes in the grounded cylinder, a 
number of observations from time to time have shown 
that these perforations have no effect on the value of 
the eorona-rforming voltage; for example, in the paper 
“The Electric Strength of Air.—Ill” 13 a number of 
experiments were conducted with an outer cylinder 
made of wire mesh of a quite wide opening. The 
values of corona voltage observed in this case were 
sensibly the same as those obtained with cylinders 
with continuous walls. Further, numerous readings 
taken with outer cylinders having continuous walls 
have shown that the voltages at which visual corona 
appears are in accord with those observed in the 
corona voltmeter. In order, however, to make a 
direct test of this question, two series of observations 
of visual corona voltage were taken, using in the two 
cases outer cylinders cut from the same length of brass 
tubing, one piece being perforated and the other not 
perforated. 

The two tubes were each ,9.5-cm. inside diameter 
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and of length 24 cm. One was perforated with 0.27-em. 
diameter holes drilled as closely as possible to each other 
and in a number of eases being actually tangent to 
each other. A clean rod 0.315 cm. in diameter was 
centered in each of these tubes in turn and visual corona 
observations taken with a rested eye in a darkened 
room. The corona voltages as measured on the trans¬ 
former tertiary coil in the two cases were: with per¬ 
forated cylinder 23.5, 23.4, 23.4; with unperforated 
cylinder 23.4, 23.5, 23.6, 23.5, 23.5. There appears 
therefore no reason to question that the perforations 
in the grounded cylinder have no effect on the value 
of corona-forming voltage. 

As regards the influence of frequency on corona¬ 
forming voltage, in the paper “The Electric Strength 
of Air.—II”, 14 experiments were described which 
indicated a slight lowering of corona voltage with 
increasing frequency between the range 10 and 100 
cycles. Subsequently Whitehead and Gorton 8 have 
extended the range of frequency up to 3000 cycles 
and have shown that within the range 500 to 3000 
cycles there is practically no influence of the frequency 
on the corona-forming voltage. They noted, however, 
that the value of corona voltage within this range was 
from 3 to 4 per cent lower than at 60 cycles. F. W. 
Peek records that within the range of commercial 
values the frequency has no influence on corona-form¬ 
ing voltage. 

Having at hand the accurate method of measure¬ 
ment already described, a series .of observations was 
taken on the influence of frequency between the values 
20 and 90 cycles. The readings were taken on a rod 
0.48 cm. in diameter and at atmospheric pressure. 
Several readings at each frequency were taken and all 

were reduced to the same value of . The cor- 

vo r 

responding values of E/5 are given in Table VIII. 

The above figures indicate that there is a small 
infl uence of frequency on corona-forming voltage 
within the range 20 to 90 cycles. For example, the 
corona-forming voltage at 25 cycles is shown to be 
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about 0.8 per cent higher than at 60 cycles. All of 
the other observations of this paper were taken at 
60 cycles and therefore the laws of corona formation, 
as discussed below, pertain to that frequency. 

As regards the permanence of the surface of the 
corona-forming rod, experiments have shown that a 
practically indefinite number of corona observations 
may be taken without deterioration of the surface of 
the nickel-plated steel rods used. These experiments 
consisted in maintaining corona on a rod for a long pe¬ 
riod of time, interrupting it at regular intervals and 
ta kin g the corona-forming voltage. One of several 
such tests consisted in maintaining a 0.476-cm. diam. 
rod at a voltage 2.5 per cent above the corona-forming 
value for one hour, and taking the corona-forming 


TABLE VIII. 

INFLUENCE OF FREQUENCY. 


Frequency 
cycles 
per second 

E 1 

Aver. 

Values of — at - =2.03 

o v8r 

20 

50.41, 50.50 

50.45 

40 

50.25, 50.25, 50.39, 50.5 

50.35 

60 

49.95, 50.07, 50.13' 

50.05 

90 

49.24 

49.24 


voltage six times during the interval. At start the 
corona-forming voltage as indicated at the tertiary 
coil terminals was 40.1; at successive intervals through 
the hour the values were 40.05, 40.05, 40.05, 40.15, 
40.2,40.1. 

If the voltage is carried higher, increasing the volume 
of corona discharge, the surface will ultimately develop 
local spark points, leading to local sparks at voltages 
lower than corona-forming values. Normally, however, 
with an initially clean rod and dust-free air inside the 
voltmeter, the surface of the rods in the corona volt¬ 
meter shows a most satisfactory degree of permanence. 

Y. Summary of Observations 
From the complete data of which Table VII is a 
small portion, the values of the relative density 8 are 
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computed from formula (3). The charging current 
galvanometer is calibrated directly in terms of current 
in the resistances Ri and Ri of Fig. 1. As already 
described, the readings of this galvanometer then lead 
through formula (4) to the crest value of alternating 
voltage. From this value and the dimensions of the 
rod and the inner cylinder of ■ the corona voltmeter, 
the critical or corona-forming electric intensity in 
kilovolts per centimeter at the surface of the conductor 
is readily computed. Some of these steps are given 
in Table VII and the more important ones are col¬ 
lected in Table IX. , , 

Table IX shows about one-fourth of the total number 

of derived values for computing the law of corona. The 
s ummar y of all these values is given in Table X. Each 
reading of voltage in Table IX corresponds to four 
pairs of right and left galvanometer readings at each 
pressure, as set forth in Table VII. It will be noted 
that on the average Table IX presents three sets of 
readings for each value of pressure. This means that 
for each pressure there are 12 observations of corona 
forming voltage. Table IX also includes both observed 

■pj 1 n 1 Xi_ 

and computed values of -g- and FjTT > ^ a ^ er 

based on the law of corona deduced from all the observa¬ 
tions as set forth in the following section. 

VI. The Law of Cokona 

E , 1 

As the work proceeded the values of -g- and ^g-jr 

were plotted. It was found that the resulting curve 
was a straight line, in accordance with formula (1), for 

the larger values of FJfT * However, on extending 

the study to larger corona rods, and especially at the 
higher pressures, it was found that the points departed 
from the straight line indicated for smaller rods and 
lower pressures. This fact at first was quite disturbing 
as it suggested either a departure from the simple law 
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TABLE IX. 

COMPUTED VALUES FOR LAW OF CORONA. 


Rad. r 

r 

cm. 

Pemp. 

t 

deg. 

cent. 

Press. 

P 

cm. 

5 

Kv. 

max. 

Surf, 
int. E 
£v/cm 
max. 

E 

S 

1 

\/ 5r 

E 

5 

calc. 

Diff. 

per 

cent. 

0 2383 

18.0 

46.92 

0.6322 

32.51 

34.57 

54.69 

2.577 

55.02 

-0.60 


1$ .0 

47.20 

0.6360 

32.71 

34.79 

54.71 

2.569 

54.95 

—0.44 


18.1 

47.37 

0.6381 

33.00 

35.10 

55.01 

2.565 

54.92 

+0.16 

It 

[lS. 7 

35.97 

0.4835 

26.42 

28.09 

58.11 

2.946 

58.17 

-0.10 

it 

18.75 

36.25 

0.4872 

26.73 

28.42 

58.35 

2.935 

58.08 

+0.47 


20.3 

26.65 

0.3563 

20.61 

22.14 

62.16 

3.432 

62.33 

-0.27 

“ 

20.5 

27.06 

0.3615 

21.06 

22.39 

61.96 

3.408 

62.13 

—0.27 

0 1571 

22.4 

115.29 

1.5301 

52.24 

76.21 

49.80 

2.040 

50.11 

-0.62 


22.3 

114.76 

1.5238 

52.20 

76.15 

49.97 

2.044 

50.15 

—0.36 

U 

22.2 

114.32 

1.5185 

52.09 

75.99 

50.04 

2.048 

50.19 

-0.30 

tt 

22.8 

96.10 

1.2739 

45.00 

65.65 

51.53 

2.235 

52.05 

-1.00 


22.8 

95.88 

1.2710 

45.04 

65.69 

51.69 

2.238 

52.08 

-0.75 

tt 

22.7 

95.70 

1.2690 

45.05 

65.72 

51.78 

2.240 

52.09 

-0.60 


21.85 

76.00 

1.0107 

37.37 

54.51 

53.94 

2.510 

54.45 

-0.90 


22.0 

75.98 

1.0099 

37.54 

54.76 

54.23 

2.511 

54.46 

-0.42 

« 

22.1 

75.95 

1.0092 

37.54 

54.76 

54.27 

2.512 

54.46 

—0.35 


22.9 

55.20 

0.7315 

28.98 

42.28 

57.80 

2.950 

58.21 

-0.71 

u 

23.05 

55.39 

0.7336 

29.17 

42.35 

58.00 

2.946 

5S.27 

-0.29 

it 

23.2 

55.50 

0.7347 

29.24 

42.66 

58.06 

2.944 

58.25 

—0.15 

a 

23.4 

45.19 

0.5978 

24.89 

36.31 

60.74 

3.263 

60.90 

-0.26 

it 

23.45 

45.38 

0.6002 

25.03 

36.51 

60.83 

3.257 

60.84 

-0.02 

tt 

23.4 

' 45.48 

0.6016 

25.04 

36.52 

60.70 

3.253 

60.81 

-0.02 

u 

18.2 

35.66 

0.4802 

21.15 

30.86 

64.26 

3.641 

64.13 

+0.22 

tt 

18.3 

36.19 

0.4871 

21.42 

31.25 

64.14 

3.615 

63.91 

+0.38 

“ 

18.3 

36.33 

0.4890 

21.46 

31.30 

64.01 

3.608 

63.85 

+0.27 

0.1030 

26.0 

115.48 

1.5144 

40.88 

82.94 

54.78 

2.532 

54.64 

+0.26 

u 

26.0 

115.01 

1.5082 

40.91 

82.98 

55.03 

2.537 

54.68 

+0.64 

a 

26.0 

114.68 

; 1.5039 

40.75 

82.75 

55.03 

2.541 

54.71 

+0.59 

u 

20.6 

114.8G 

l 1.5331 

40.85 

82.86 

54.05 

2.517 

54.51 

-0.85 

a 

20.75 

113.97 

r 1.5213 

1 40.86 

82.89 

54.49 

2.526 

54.59 

-0.18 

u 

20.8 

113.7C 

1 1.5174 

; 40.86 

82.89 

54.63 

2.530 

54.61 

+0.04 

u 

26.7 

96.0* 

>1.2566 

i 35.25 

71.52 

56.90 

2.780 

56.75 

+0.26 

u 

26.6 

95.77 

r 1.253 4 

L 35.26 

71.55 

57.07 

2.783 

56.78 

+0.51 


26.6 

95.65 

11.2514 

t 35.25 

71.52 

57.14 

2.785 

56.80 

+0.60 


19.9 

76.0 1 

51.0187 

l 29.88 

60.62 

59.54 

3.088 

59.40 

+0.24 

a 

20.0 

76. o: 

S 1.0174 

fc 29.97 

60.80 

59.76 

3.089 

59.41 

+0.59 

u 

20.0 

76.0( 

) 1.017C 

) 30.00 

60.86 

59.85 

3.090 

59.41 

+0.74 
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of formula (1) or the presence of some error in method 
or observation. Many readings were repeated but 
resulted only in confirming the earlier ones. 

Further study and investigation of the foregoing 
interesting results led to the work of Whitehead and 
Brown 6 on “The Corona at Continuous Voltages, 
which shows that while both the positive and negative 
corona obey a law of the form of formula (1), yet the 
constants A and B are different in the two. cases. This 
means that if the law for each case is put into the form 

1 fi 

of the linear relation between -y and yyr the two 

lines will intersect and that below the point of intersec¬ 
tion negative corona appears first, while above the 
point of intersection positive corona appears first. 

Extending the foregoing to corona formation at 
alternating voltage, we should find, if we plot between 

-y and - that below the value yyr = 1*895, 

representing the intersection of the positive and nega¬ 
tive corona curves, the alternating corona should obey 
the same law as the negative continuous corona and 
that above that value it should obey the law found for 
positive corona. This is exactly the result that we 
have found and it therefore constitutes a necessary 
and in fact important, modification of the law of 
corona. 

The foregoing conclusions are immediately obvious 
if all of the observations are plotted, and as the results 
are very consistent throughout, a quite close approxi¬ 
mation to the exact values of the constants of formula 
(1) is possible by this graphical method. However, it 
is obviously better to derive the values of these con¬ 
stants from the figures themselves, and for this purpose 
the “Sigma-Delta” method 12 for evaluating the con¬ 
stants, has been used. 

If we attempt to apply the Sigma-Delta method to 
the entire set of observations, a part of which are given 
in Table IX, it becomes very laborious indeed. It 
appeared to us, therefore, that this could be avoided by 



1105 


1920] J. B. WHITEHEAD AND T. ISSHIKI 

a still further averaging of the results for one pressure 
corresponding to each of the groups of readings in 
Table IX, this averaging being done on the values of 

TP 1 . 

-AL an< i —-==•. There being a linear relation be- 
5 Vo r 

tween these two quantities, no error is thereby intro¬ 
duced. In this way the values of Table X are reached. 
The first column of Table X gives the sequence numbers 
as used in the Sigma Delta method; the third and 

1 , E 

fourth columns the mean values of and -y ; 

' L&Si 



the fifth column the calculated value of -y as derived 

from the Sigma-Delta method; and the sixth column 
the error as between observed and calculated values of 

-f- expressed in per cent. 

0 

In applying the Sigma-Delta method to the figures of 
Table X it was thought best, in view of the uncertainty 
as to the exact point of intersection of the two straight 
lines referred to above, to omit the points in the 
immediate neighborhood of this point of intersection. 
Consequently the points were plotted, as shown in Fig. 
16, and the approximate position of the point of inter¬ 
section of the two lines thus determined roughly. This 
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being done, the readings corresponding to values of 

— — between 1.9 and 2.3 were omitted from the 
V5 r 

computations for the reason mentioned. In this way 
the equation of the line below the point of intersection 
was deter min ed from the first sixteen readings of 
Table X, comprising the interval 1.253 to 1.870, for 

—There are twenty-eight readings above the 
V5 r 

point of intersection comprising values from 2.375 to 

6.254 for . These were used for determining 

the equation of the line above the point of intersection. 
The results of the computation give the following 
formulas: 

For values of ... - below 2.295 and in this range 

0 T 

negative corona appears first: 


29.84 + 


9.938 


For values of above 2.295 and in this range 

positive corona appears first: 

8.559 

|_ = 32 . 96 + -= ( 8 ) 

1 

The point of intersection of the two lines is 

E 

= 2.26 corresponding to a value of -y = 52.39. 

It is interesting to note in connection with Fig. 16 
that observations on two of the rods used (0.238-cm. 
and 0.157-cm. radii) give several points each on both 
sides of the point of intersection of the two lines.. 

The extension of the observations in the direction of 

larger values of . g — was readily accomplished by 

V 0 T 
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using smaller rods and lower pressures. The extreme 
values in this direction were reached in using a 0.0519- 
cm. radius rod and an absolute pressure of 36 cm. of 

1 

mercury giving the value 6.28 for ' 

In the opposite direction, i. e., smaller values of 

— 7 = there is also a wide range possible in increasing 
Vo r 

the pressure and using larger rods. Our largest rod 
was 0.633-em. radius and our greatest pressure 

about 135-cm. mercury, giving 1.25 for . As 

indicated elsewhere, larger rods are not desirable, but 
obviously much higher pressures can be used. Our 
limit in this direction was found in the break-down 
voltage of the air condenser, precluding precision 

measurements below 1.25 for — . However, we 

VO T 

have made a number of observations of the performance 
of the corona voltmeter at higher pressures, with the 
precision voltage measurement omitted, and have found 
nothing to suggest a departure from the simple linear 
relation indicated in formula (7) and Fig. 16. 


VII. Advantages of the Corona Voltmeter as a 
Standard 

The law expressed in formulas (7) and (8) consti¬ 
tutes a definite standard over a wide range of voltage. 

The range has been tested by precision measuremeats 
up to the neighborhood of 150,000 volts and with 
every evidence that the law continues beyond that 
value. The only quantities which enter are the radius 
of the corona rod, the radius of the outer cylinder, and 
the density of atmospheric air. This is equivalent 
to saying that the calibration of the corona voltmeter 
depends only on its physical dimensions. 

As regards its availability in practical measurements, 
a workable corona voltmeter may be set up in practi¬ 
cally any laboratory with very little trouble. A 
straight clean wire stretched on the axis of a surround- 
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ing metal cylinder will give very reliable indications 
in a darkened room with a visual observation of corona 
formation. With little additional trouble a galvan¬ 
ometer may be used as corona indicator. A considerable 
although not a continuous, range may be had by using 
corona wires of different diameters. 

The construction of the complete corona voltmeter 
itself, moreover, is a relatively simple and inexpensive 
matter. Up to 100,000 volts it may be readily con¬ 
structed in any well-equipped laboratory and for 
higher ranges offers no serious difficulties. With the 
complete instrument a wide and continuous voltage 
setting is available using a single rod and observations 
sharply marked may be taken with an ordinary labor¬ 
atory galvanometer or with a telephone receiver. 

The usual method of setting for a definite voltage 
is to read the temperature inside the instrument, set 
the pressure at a particular value based on the value 
of 5, corresponding to the desired voltage setting, 
and which may be read from a table based on formulas 
(7) and (8) and then slowly raise the voltage until 
corona appears, as indicated by telephone or galvan¬ 
ometer. While this would probably be. the more 
common usage in connection with insulation testing 
and other similar service, the instrument may also 
be used for measuring an unknown voltage. In this 
case the pressure would be set for a voltage known to 
be higher than that to be measured and the pressure 
then allowed to fall slowly, its value being read at 
the instant corona appears.’ Formulas (7) and (8), or 
tables computed from them, would then give the value 
of the voltage. 

The corona voltmeter would appear to have several 
advantages over the needle and sphere gaps; among 
them may be mentioned the following: 

(a) Freedom from disturbance by proximity of 
neighboring conductors or extraneous electrostatic 
fields. 

(b) A 2 per cent inaccuracy is the minimum claimed 
for the sphere gap. With careful manipulation and 
good circuit conditions it is certain that a corresponding 
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figure of better than 0.5 per cent is possible with the 
corona voltmeter. 

(c) No manipulation of high-voltage circuit. Each 
change of setting of the sphere gap requires altering 
the distance between the discharge spheres. The 
setting of the corona voltmeter for different voltages 
requires the change of air pressure only. 

(d) No discharge of high-voltage circuit and no 
series resistance necessary. The reading of the corona 
voltmeter is continuous and stationary and draws no 
current from the high-voltage circuit. 

(e) Measurement of an unknown voltage. This 
cannot he done with the sphere gap except through 
repeated opening of circuit and successive approxima¬ 
tion. 

(f) All parts of the corona voltmeter are grounded 
except the leading-in wire of the high-tension terminal. 
All dimensions remained fixed. All auxiliary circuits 
are at low values of cont inuous voltage. 

(g) Permanence. The surface of a corona-forming 
rod remains unaffected under the continuous applica¬ 
tion of initial corona over long periods. 

As regards outside dimensions, the earlier paper 1 
on the corona voltmeter described a corona voltmeter 
for voltages under 50,000 having dimensions of 70 cm. in 
length and 24 cm. in diameter. The instrument shown 
in Fig. 9 is 9 ft. 10 in. high (of which 0 ft. is in the 
insulating bushing) and 1 ft. 10 in. in diameter. The 
inside cylinder forming the grounded terminal is 24.0 
cm. in diameter and 01 cm. long. The most conven¬ 
ient diameters of corona rod are between 0.0 cm. and 
0.9 cm. This instrument has been used for voltages 
up to 150,000 volts without sign of distress, tins being 
the maximum voltage obtainable under the condit ions 
of test. It was used for this voltage at an internal 
air pressure of about 105 cm. of mercury absolute, 
i. <•., not quite 15 lb. per sq. in. above atmosphere. 
Pressures three or four times this value could readily 
be used. The limiting’ voltage would probably be 
found in the flash-over voltage of the insulating termi¬ 
nal bushing. This bushing has a normal rating of 
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150,000 volts effective. It is probable therefore that 
the instrument shown in Fig. 9 may safely be operated 
without trouble to 200,000 volts maximum value. 

An instr um ent rated normally at 300,000 volts, and 
which it is expected may reach 400,000 volts, is now 
in process of construction. 
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Discussion on “The Corona Voltmeter and the 
Electric Strength of Air” (Whitehead and 
Isshiki), White Sulphur, W. Va., June 30,1920. 

C. L. Fortescue: In regard to the use of corona 
voltmeter as a secondary standard, there are a number 
of things to be said. One is that for practical work 
it is very hard to use sensitive galvanometers, on ac¬ 
count of vibration and other disturbances. It is difficult 
to get men with sufficient judgment to note such a 
thing as a corona point, and even to use a device 
like the telephone. It is much easier to have something 
that they can see, like a voltmeter. 

Now, in using the sphere gap, the fact that you can¬ 
not measure varying voltages is not important. In 
nearly all practical work we have to test apparatus for 
a certain maximum voltage, and it is only necessary in 
making a test, to have the apparatus connected in, 
set the sphere gap to the value you want to use, 
spark over the gap, and note the reading of the volt¬ 
meter on the secondary winding of transformer or 
tertiary winding, and after resetting the sphere gap 
for a slightly higher spark-over voltage test the appar¬ 
atus by holding the voltage by means of the voltmeter; 
in other words, note the correspondence, and keep 
the apparatus at that voltage. It is evident therefore 
that the sphere gap does not offer any difficulties in 
that respect. 

As regards the accuracy of the sphere gap, which is 
in the neighborhood of two per cent in practical work, 
that is a sufficient degree of accuracy. While I think 
Dr. Whitehead's corona voltmeter would have other 
uses; than for practical work I still think that the 
sphere gap is a better secondary standard for that pur¬ 
pose. 

Now possibly the method that Dr. Whitehead used 
for calibrating his voltmeter might be used for a second¬ 
ary standard as well as for a primary standard—in fact, 
we have been using that method for a crest voltmeter 
measuring device, in conjunction with the kenotron, 
and found it quite reliable within certain limits.. 
Dr. Whitehead defined those limits; they depend on 
the following characteristics of the vacuum valve, so long 
as the voltage wave does not have more than one 
maximum, that is to say, so long as the slope of the 
voltage wave does not become zero at more than 
one point in a half wave—the kenotron device will give 
accurate results. There is a prospect of using the com¬ 
mutator device instead of the kenotron. We encoun¬ 
tered the same difficulties in regard to that, that I 
have also mentioned in regard to observations—the 
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ordinary tester is not a very good observer, and you 
cannot depend on his judgment a great deal, ine 
main difficulty with the commutator device is the angle 
setting, the setting of the angle of the commutator so 
that you get the maximum value. It requires good 
judgment in order to do that properly. I still have 
hopes that we may be able to apply the commutator 
absolute measurement scheme also for secondary 

stsmdard^nneijy ; j wou id like to ask Dr. White- 
head whether he does not look on his galvanometric 
method as the primary method, and merely checks it 
up with his telephone to make sure that it is 
functioning properly? # , __ TTT , . , 

Joseph Slepian: I would like to ask Dr. Whitehead, 
now that he has found that the corona makes a good peak 
voltmeter, whether he concludes that, like the sphere 
gap, it has a unity impulse ratio, or whether under 
periodic voltage, which exceeds a definite peak, the cor¬ 
ona begins to develop through several cycles? 

This would be of importance in considering the appli¬ 
cation of impulse discharges, such as are made in tests 
on insulators for lightning impulses. . 

L. W. Chubb: The point that Dr. Slepian just 
brought up is a very pertinent one; in some cases we 
do need a big voltmeter that has an impulse ratio of 1, 
in other words, it has a great discharge, and that is one 
of the disadvantages of the sphere gap in ordinary test¬ 
ing. If there is a slight surge it sparks over and rums 
your test in a great many cases. The calibration curves 
on an ordinary circuit are regular gunshot diagrams, 
and it seems as though Dr. Whitehead's method., which 
checks so very close should be given consideration as a 
standard for the Institute. I think the other method of 
integrating the current in an air condenser is probably 
more practical as a working standard, but this is a very 
accurate method of detecting corona, and its constancy 
makes it a rather good, you might say, sub-primary 
standard 

F. W. Peek, Jr.: It is interesting to point out that 
high voltages anywhere may be readily determined by 
means of a piece of wire and a formula which involves 
a simple arithmetical calculation. 

Dr. Whitehead has developed the corona voltmeter 
to a high state. There will undoubtedly be certain 
fields in which it will prove useful. It rarely happens 
that any method replaces all others. The accuracy of 
the corona voltmeter should be of the same order as 
that of the sphere gap. The phenomena is the same. 
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Corona is spark-over to space. In the sphere the spark 
occurs from metal to metal. 

In my work I have found that in making investigations 
at operating frequencies a voltmeter coil in the trans¬ 
former is by far the most convenient method and gives 
the best results. If a sine wave is not available a crest 
voltmeter should be used on the voltmeter coil. _ 

When transient or lightning voltages are studied the. 
sphere gap is practically the only available method. It 
also has the additional advantage that it measures to a 
high degree of accuracy voltages varying from direct 
current to transients of a fraction of a microsecond 
duration. Our knowledge of transients has been 
greatly extended during the last few years because of 
these characteristics of the sphere gap. 

Transient voltages can also be measured by means 
of the corona voltmeter but to a less degree of accuracy 
than with the sphere. There is a difference in the 
appearance between the corona on a wire when it is 
(+) or (—). In my investigations I found that corona 
produced by transient voltages lasting less than a mil¬ 
lionth of a second could not only be readily seen but 
that the eye could distinguish between a (+) and (—) 
wire. 1 For the smaller wires there is lag and the 
starting voltage is higher than at the lower frequencies 

J. B. Whitehead: As regards the objection to 
the use of the galvanometer, the question raised by 
Mr. Fortescue, I may say that since the experiments 
described in this paper were completed, we have used 
an ordinary indicating instrument, a milammeter 
or voltmeter, as corona detector in place of the galvan¬ 
ometer. We do this with vacuum tube amplifiers. The 
additional equipment is not serious for a standard 
instrument. As to the sphere gap and the standard 
air condenser used directly as working methods, I 
think that the advantages that can be offered for the 
corona voltmeter are its greater accuracy and the 
facts, that it is compact in shape, that there are no 
exposed high-tension terminals or working parts 
except the top end of the insulating bushing, and the 
fact that it is entirely free from disturbances due to 
external fields. 

I do not desire to make the suggestion that the 
corona voltmeter is any more suitable for shop testing 
than existing methods, but it does appear to me, that 
in view of the advantages I have mentioned, and 
especially the fact that as regards accuracy, it certainly 


1. Peek, Effect of Transient Voltages on Dielectrics, Trans. 
A. I. E. E., 1915, Vol. XXXIV, p. 1857. 



1114 J. B. WHITEHEAD AND T. ISSHIKI [June 30 

far exceeds any figures which have been offered for the 
sphere gap, there is a great deal to be said tor it as 

an ultimate secondary standard. 

As regards Prof. Kennelly’s question as to tne 
relative value of the telephone and galvanometer, 
as indicators, certainly in the hands of the man m tne 
machine shop, the telephone appeals to me as being 
the better. It is very positive indeed m its indications, 
and does not involve the use of any instrument. Un 
the other hand, the galvanometer is certainly the better 
instrument for laboratory work. 

Mr Peek has kindly answered for me the question 
raised' by Mr. Slepian, as to the value of the corona volt¬ 
meter for measuring transients, and their impulse 
ratio. As the observations by telephone and galvano¬ 
meter are based on the continuous presence of corona, 
the voltmeter would probably not respond to transients 
of short duration. Possibly the telephone might. 

It is reassuring to know, as stated by Mr. Peek, that 
the corona due to the transient voltage may be seen. 
If that is the case, there is no reason why the peek- 
hole in the top of the case of the corona voltmeter 
should not be used for detecting the corona due to the 
transient voltage. I am interested in the statement ol 
Mr. Peek, in terms merely of the crest values. 1 do 
not re call the work which led to that conclusion, but 
I would be interested, if he would give me, the refer- 
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REACTIVE POWER AND MAGNETIC ENERGY 

BY JOSEPH SLEPIAN 

Research Engineer, Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 

The relation between reactive power and magnetic 
and electrostatic energies is stated and proved and its 
utility is illustrated by deriving the connection between 
reactive power and the size of machines, between the 
magnetic energy of an a-e. system and the field excita¬ 
tions of the synchronous machines therein, and by giving 
the physical significance of power factor under un¬ 
balanced conditions. 

I T is a matter of common knowledge that where a 
magnetic field is maintained by alternating cur¬ 
rents, reactive or wattless power must be supplied. 
The exact quantitative relation between the reactive 
power and the magnetic field is not so generally under¬ 
stood, probably because the proportionality is between 
reactive power and total magnetic energy, and this last 
quantity is not often used by electrical engineers. In 
this paper a quantitative statement of the relation is 
given, and its utility is illustrated by several examples. 

The relation which is given here is subject to certain 
limitations which are brought out in the appendix 
where the proof of the relation is given. For practical 
purposes the relation may be said to hold for all 
combinations of condensers, resistors, and inductive 
apparatus, stationary, oscillating, rotating, single-phase 
or polyphase, balanced or unbalanced, excepting com¬ 
mutator and homopolar machines. 

To state the relation, suppose we have any combina¬ 
tion of apparatus of the kind just described, with an 
arbitrary number of terminals having certain periodic¬ 
ally varying potentials, and carrying certain periodic¬ 
ally varying currents. These periodically varying 
potentials and currents may be resolved in the usual 
way into pure sine-wave components of different 
frequencies. For each frequency, the reactive power 
at each terminal may be calculated in the usual way. 
If now the reactive powers of each frequency are 
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divided by the frequency, and the whole added to¬ 
gether, the result equals 4 tt times the mean magnetic 
energy minus the mean electrostatic energy. 



Reactive power 


2 (T m — T e ) 


If there is only one frequency, the relation reduces to 
Total reactive power = 2 co (T m - T e ) . 

which has been derived for static apparatus before. 1 
The mean is taken with respect to time. In balance 
polyphase machines the total magnetic and electro¬ 
static energies are nearly constant at all parts of a 
cycle, but in unbalanced polyphase and single-phase 
machines the electrostatic and magnetic energies have 
large pulsations with frequency twice that of the supply 

Where there is a d-c. component of voltage and 
current, both the reactive power and the frequency are 
zero, so that indeterminate forms appear in the relation 
as given. In this case, as is shown m the appendix, 

these terms should be replaced by 2 <t> I. -jqT where I 

is the d-c. component of current flowing in any coil or 
branch, and $ is the d-c. component of flux linking that 
coil or branch. 


Reactive Power and the Size of Machines 
Magnetic energy is believed to reside wherever there 
is a magnetic flux, the energy being distributed through¬ 
out the magnetic field. The magnetic energy density 

is given by -A- . — 10~ 7 joules per cm. 3 , where B is 

the flux density and p. is the permeability. This gives 
a direct relation between the reactive power taken by 
an induction machine without d-c. excitation, and its 
general dimensions. For such a machine, if currents o 
one frequency are supplied, we have 

1. Inherent Limitations in Transformations Possible by Static 
Apparatus, J. Slepian, A. I. E. E. Transactions, 1919. 
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Total reactive power = 2 oo (Mean magnetic energy) 
On the other hand, 

Mean magnetic energy 

(Volume of iron) X (Mean B 2 in iron) 

+ (Volume of air gap) X (Mean B 2 in air gap) 
Hence, 

Total reactive power 

10~ 7 / (Volume of iron ) X (Mean B 2 in iron) 
2 JJL 

+ (Volume of air gap) X (Mean B 2 in air gap) 



This relation was discovered independently by Mr. 
H. G. Jungk, from calculations on a line of railway 
motors. 2 

A similar relation connects the reactive power sup¬ 
plied by a condenser, and the volume of its dielectric. 
Since electrostatic energy density is given by 

10~ 7 D 2 

—o-joules/cm. 3 

o 7re 


where D is the electric flux density, and e the dielectric 

constant, we have 

Reactive power taken by condenser 


= // 2 ( 


Volume of dielectric X Mean D 2 


Energy of an A-C. System and the Current Flux 
Linkages of its Field Circuits 
An interesting connection between the total magnetic 
energy of an alternating-current system and the exciting 


2. The relation as found by Mr. Jungk is 
Total magnetising kv-a. = B 2 S g f X sat. factor X 10“~ u 
where B — max. density lines /in 2 

S = 7T D L, air gap surface in square inches. 
g — effective gap, one side, in inches. 

/ = frequency 


sat. factor 


ampere turns, Iron + gap 
ampere turns, gap 
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direct currents may be found by applying the principle 
of this paper to a whole a-c. system. In making this 
application, we must exclude the exciters, because they 
are commutator machines to which the principle does 
not apply. Hence the field terminals of the generators, 
and synchronous motors are the terminals to which the 
principle refers, the circuits of all other current-carrying 
members being closed in the system itself, thus giving 
no external terminals. We get then 

■A. 2 <f> I for all d-c. fields in system 
10 s 

= 2 (Total Mean Magnetic Energy of System Minus 
Total Electrostatic Energy of System) 

Let us take a specific example. Suppose we have a 
generator whose field is controlled so as to give constant 
voltage. This means of course, that the main flux is 
nearly constant. On open circuit, the only magnetic 
energy is that corresponding to the main flux, and the 
field current is such as to make 2 $ I take the appro¬ 
priate value, 

__L j$J = 2 x (Energy of main flux) 

10 8 

Suppose now a unity power factor load is drawn from 
the generator. The main flux must be increased some¬ 
what to keep the voltage at the armature terminals 
constant, and at the same time, additional magnetic 
energy appears in the form of leakage flux of the arma¬ 
ture. The corresponding field current satisfies the 
relation 

_JL_ 2 $ I = 2 (Energy of main flux 4- Energy of 

leakage flux) 

If a zero per cent power factor lagging load is sub¬ 
stituted for the unity power factor load just considered, 
the exciter current must be further increased due to the 
magnetic energy of the load. 

_1_ 2 <E> I = 2 X (Energy of main flux + Energy of 
10 8 

leakage flux + magnetic energy of load.) 
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If a condenser load is drawn, the exciter current must 
be decreased corresponding to the equation 

—L- 2 <1> I - 2 X (Energy of main flux + Energy of 
10 s 

leakage flux - electrostatic energy of load.) 

If the generator is self-exciting on the capacity load, 

I is zero, and from the last relat ion we get as a necessary 
condition for self-excitation, 

Electrostatic Energy of Capacity Load 

= Magnetic Energy of System. 

Consider a generator A, supplying a synchronous 
motor B. If the voltage at the generator is kept con¬ 
stant, the magnetic energy in each machine is nearly 
constant, varying somewhat by the amount of leakage 
flux. If B is without excitation, we must have 

1 

_ v ( j, a i K 2 (Magnetic energy of A + Magnetic 
l(r 

energy of B) 

When B is excited, the field current of A must receive a 
corresponding diminution as we must have 

—• 2 <I> A L + - '!'« /« - (Magnetic energy of 

A f Magnetic energy of B.) 

The mutual dependence of the field currents of syn¬ 
chronous machines operating in parallel on a system is 
thus clearly shown. 

POWKR-FAOTOR llNDKlt UNUALANUKP CONDITIONS. 

Vkctorial Kv-a. Bum Formula 

Under balanced conditions power factor is defined 
as the cosine of the acute angle of a right triangle 
having for adjacent, and opposite sides respectively, 
the total true power and total reactive power of the 
circuits being measured (Fig. Ij. For unbalanced 
circuits no definition has been generally agreed upon. 

It has been proposed as one definition, t o construct 
kv-a. triangles for each phase, using line current and 
voltage to neutral, then to add the hypotenuses of 
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these triangles vectorially, and to take the cosine of 
the angle of this resultant as the power factor. It is 
clear from Fig. 2 that the triangle corresponding to 
this resultant has for its base the sum of the true powers 
supplied to the individual phases, and for its altitude 
the sum of the reactive powers supplied to the individ- 
ual phases. 



Fig. 1 


This definition has the advantage that the quantities 
it uses have actual physical significance. The base of 
the triangle gives the total real power supplied to the 
load being measured, and the altitude gives the ex¬ 
cess of the mean magnetic energy of the load over 
the mean electrostatic energy. A pure resistance 
load according to this definition will always have one 



hundred per cent power factor irrespective of the 
unbalance of the load resistances or impressed voltages. 

Under this definition, however, all apparatus will 
not have this property of giving the same power 
factor irrespective of voltage unbalance. Rotating 
induction machines are particularly sensitive in this 
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respect, and when measured according to this defini¬ 
tion would show very low power factor when operated 
under unbalanced voltages. The conditions in a 
rotating induction machine can best be understood and 
analyzed by resolving the unbalanced quantities into 
polyphase or symmetrical components. 

For clearness let us consider a three-phase induction 
motor, with low-resistance secondary, running at small 
slip, with ungrounded neutral, so that voltages tending 
to produce neutral currents may be neglected. It has 
been shown 3 that the voltages impressed upon the 
motor terminals, however unbalanced, may be re¬ 
garded as two component systems superimposed or 
simultaneously impressed; the component systems 
are each individually balanced three-phase voltages, 
but one is of normal or positive phase sequence, while 
the other is of opposite, or negative, or counter- 
rotational phase sequence. A given unbalanced three- 
phase voltage can be resolved into these symmetrical 
components in only one way. In ordinary slightly 
unbalanced systems, the negative or counter-rotational 
component of voltage is small. It has been shown for 
the induction motor 4 that each symmetrical compo¬ 
nent of voltage may be considered as acting as if the 
other component were absent. Thus to calculate the 
currents in the different phases of the motor under 
unbalanced voltage, we may calculate the currents 
which each symmetrical component of voltage would 
produce were it acting alone, and then add these two 
current systems together as they appear in the different 
phases. The problem of operation under unbalanced 
voltage is thus reduced to two problems under balanced 
voltages. The direct-rotational or positive phase 
sequence voltage produces direct-rotational currents, 
the counter-rotational voltage produces counter-ro¬ 
tational currents. These are the two symmetrical 
components of the resultant unbalanced currents. 
To get the unbalanced resultant currents we add 
together in each phase the currents corresponding to 
the two symmetrical components. 

As with currents, so with fluxes. Each component 

"Xl^teseue, A. I. El E. Trans. Vol. XXXVII p. 1027, 1918* 

4. Fortescue loc. cit. 
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of voltage produces flux as if the other component of 
voltage were absent. The resultant flux distribution 
under unbalanced voltage may be obtained by com¬ 
bining the fluxes corresponding to each component of 
voltage taken separately. It may be shown 5 that the 
mean magnetic energy of the resultant flux is equal 
to the sum of the magnetic energies of the fluxes cor¬ 
responding to the polyphase components taken sepa¬ 
rately. 

When running at a small slip, the direct-rotational 
flux consists mostly of the synchronous direct-rotating 
main flux and a small leakage flux. Because most 
of the magnetic energy here resides in the main flux, 
a relatively high direct-rotational voltage is necessary 
to maintain it. The counter-rotational components, 
however, are all at nearly 200 per cent slip relative 
to the rotor, and therefore, owing to the magnetic 
damping of the rotor, the counter rotational flux 
consists mostly of leakage flux between primary and 
secondary, and to a small extent of counter-rotating 
main flux. A relatively small counter-rotational volt¬ 
age therefore may produce considerable counter- 
rotational magnetic energy. 

The conditions for reducing the magnetic energy, 
and thus giving good power factor, under direct- 
rotational voltage, e. g. small air gap, good magnetic 
coupling between primary and secondary windings, 
etc., are just the conditions for giving excessive mag¬ 
netic energy and low power factor under counter-ro¬ 
tational voltage. An induction motor designed for 
a high power factor under normal balanced voltage 
conditions, would, if measured according to the 
vectorial kv-a. definition, show a low power factor 
under voltages which are only slightly unbalanced. 

A case in point was brought to the attention of the 
author, where a synchronous converter was sold with 
the guarantee of giving 100 per cent power factor at 
rated load. The leads from the transformers to the 
slip rings were installed by the customer in an un- 
symmetrical way, causing a considerable unbalance 

5. Slepian, A. I. E. E. Trans. Vol. XXXVII, 1918 Discus- 
si©n, p. 661. 
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in the voltages at the slip rings. The power factors 
taken from the three diametrical pairs of rings were 
all different, and the question arose as to what would 
represent 100 per cent power factor. It was finally 
agreed that the guarantees would be met if 100 per 
cent were maintained on one diameter, with equal 
power factors on the other two, leading on one, and 
lagging on the other. Since the kv-a. in all the leads 
were nearly equal, this was evidently equivalent to 
adopting the vectorial kv-a. definition of power factor. 

It is clear from the preceding discussion that this 
was unfair to the manufacturer. Under the test con¬ 
ditions agreed upon the field excitation was raised 
high enough to have given leading power factor if 
the voltages had been balanced. 'With the voltages 
unbalanced the rotary was taking a large countei- 
rotational magnetic energy, and thereiore correspond¬ 
ingly large counter-rotational reactive cut lent. It 
was then called upon to give an equal amount of di¬ 
rect-rotational reactive current, but leading, which 
meant leading direct-rotational power factor and higher 
field excitation than the manufacturer had anticipated. 
Stated in another way, at unity power factor under 
this definition we have if / is the field current 

—L-y (hi = 2 (Total magnetic energy) 

10 * 

If the voltages are balanced, all this energy is direct- 
rotational, 

JL_ 2 6 i « 2 (Direct-rotational magnetic energy) 

10 * 

A slight voltage unbalance will give considerable 
counter-rotational magnetic energy, and this culls 
for a considerable increase in field current since 


__ x <h i -= 2 (Direct-rotational magnet ic energy 

10 * 

+ counter-rotational magnetic energy) 
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Power Factor Under Unbalanced Conditions. 

Direct-Rotational Component Definition 

If rotating machines are to be given a power factor 
descriptive of their operation under normal condi¬ 
tions, it is evident that some definition other than that 
of the preceding section must be used when measure¬ 
ments are made under unbalanced conditions. In 
the light of the preceding discussion, the following 
would appear to be a satisfactory definition of power 
factor, under unbalanced voltage conditions, of a 
balanced rotating machine. Power factor is the cosine 
of the angle of lag between the direct-rotational 
component of voltage and the direct-rotational com¬ 
ponent of current. Methods for determining from the 
observed unbalanced voltages and currents, the 
direct-rotational components and the angle between 
them are beyond the scope of this paper. With this 
definition,^a balanced rotating machine will show the 

i B „- k -*J A 

-no o no 

Fig. 3 

sam e power factor irrespective of the voltage un¬ 
balance. 

What is the state of affairs, however, when this 
definition is applied to apparatus which is inherently 
unbalanced? This is best brought out by a simple 

example. A three-phase generator, -IF- volts to neu- 

V3 

tral, is supplying a pure resistance load of one ohm, 
across one phase. What are the line voltages, currents, 
and the power factor under the last definition in this 
case? The power factor under the first definition, of 
course must be 100 per cent. The current through the 
resistance will be 110 amperes. The currents in the 
three lines will be as shown in Fig. 3, line A, 
7 a = 110 amperes; line’B, J B = — 110 amperes; lineC, 
I c = 0 amperes. Resolving these currents into sym¬ 
metrical components, we get for the direct-rotational 
component (heavy lines, Fig. 4) line A, 
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/ A i = 55+55/ VS j amperes; line B,I b i = — 55+55/ v'3 j 
amperes; line C, I c i =— 110/ VS”/ amperes. For the 
counter-rotational component we have (dotted lines, 
Fig. 3) line A, I a2 = 55 — 55/VS 'j amperes; lineB, +.2 
= — 55 —55/V3 j amperes; line C, I c 2 = + 110/v'3 j 
amperes. 

The counter-rotational currents, (I a2 , I b 2 , / C 2 ) when 
drawn* from the generator, produce counter-rotational 
voltages at the terminals (E A 2 , F b2 , £+), which lag 
nearly 90 deg. behind the currents, see Fig. 5. The 
magnitude of the counter-rotational voltage will 
depend upon the closeness of coupling between the 
armature of the generator and the damper winding* 
on its field. The magnitude of the direct-rotational 
voltage depends upon the field excitation. Suppose 



Fig. 4 Fig. 5 


this is adjusted to give 110 volts total between lines 
A and B. From this condition, since further this 
voltage must be in phase with the current through the 
resistance, the direct-rotational voltage (£+, E B 1 , E c 1 ) 
is readily determined (Fig. 6.). In Fig. 6, we see that 
the direct-rotational current lags behind the direct- 
rotational voltage so that the pure resistance load actu¬ 
ally draws direct-rotational reactive power. Thus 
its power factor according to the direct-rotational com¬ 
ponent definition would be less than 100 per cent. 
From Fig. 5 we see that all the counter-rotational power 
is leading reactive power. This might have been 
foreseen, for since the total reactive power taken by 
the resistance load is zero, whatever is taken in direct- 
rotational form must be returned to the line in counter- 
rotational form. 
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The field excitation will be that corresponding to 
the direct-rotational voltage, current, and power 
factor. It is thus larger than that which would be 
required for an equal load which is balanced. This 
is because with the unbalanced load there is actually 
more magnetic energy in the system. The unbalanced 
resistance load, while containing no magnetic energy 
itself, causes counter-rotational magnetic en'ergy to 
exist in the system. This affects the field excitation 
according to the equation, 

2 cj> i = 2 (Direct-rotational magnetic energy 

+ counter-rotational magnetic energy.) 

• where 2 <j> i represents the total flux-current linkages of 



the field of the generator. By the direct-rotational 
component definition, in this case, the power factor 
of the unbalanced resistance load is dependent upon the 
constants of the generator. 

It is not intended that this paper shall advocate any 
particular definition of power factor for unbalanced 
conditions, but merely to point out the meaning of 
two definitions which have been proposed. However, 
there seems little doubt that for rotating balanced 
machines, the direct-rotational component definition 
is the best. For unbalanced stationary apparatus, 
for example polyphase furnaces, it seems likely that 
the vectorial kv-a. formula is preferable. For this 
class of apparatus, a further term, an unbalance factor, 
would appear desirable for giving adequate description. 
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Power factor has been used in this paper as character¬ 
izing a piece of apparatus. It is also widely used to 
describe a load from the point of view of the cost of 
its generation and transmission. Here the con¬ 
siderations are somewhat different, but here also the 
principle connecting wattless power with magnetic 
energy will prove useful in discussions. 

APPENDIX 

Proof of Relation Connecting Reactive Power 
and Magnetic and Electrostatic Energies 
A few well-known propositions concerning the mean 
value of products of periodic quantities, and some 
expi'essions for magnetic and electrostatic energy which 
are used in the proof will first be given. 

Expansion of a Periodic Quantity into a Fourier 
Series. Any periodic quantity can be expanded into a 
series of the following form, 

y = a u + a, sin (to t + ai) + a 2 sin (2 co t + a. s )+ - 

Each term of the expansion is called a harmonic. 

Mean Value of the Product of Two Periodic Quantities. 
The mean value of the product of two periodic quanti¬ 
ties is equal to the sum of the mean values of the 
products of harmonics of the same frequencies in the 
Fourier expansions of the two periodic quantities. 
Thus if 

y = ao + di sin (to t + au) 4- ®2 sin (2 to t + 0:2). 

+ a :t sin (3 to t + ai) + • • • 
z = ft, + hi sin (to t + /Si) + b* sin (2 to t + pi) 

+ & 8 sin (3 to t + p 3) + • • • 

then 

Mean of y z = an bo + mean of eq bi sin (to t + ai) 

sin (to t + pi) 

+ mean of a 2 f>2 sin (2 to f + a 2) 

sin (2 to f + 182) 
+ mean of a 3 b 3 sin (8 co t + 0:3) 
sin (3 at + Pz) 
etc. 

= ao bo "h V 2 a\ bi cos (cti /3i) 

+ y 2 a 2 b 3 cos (a 2 - Pz) 

+ l /z.a 3 b* cos (« 3 - Pz) 
etc. 


1128 


JOSEPH SLEPIAN 


[June 30 


Magnetic Energy . The magnetic energy of the field 
produced by a system of currents is given by 


(<t>i ii + (£2 ^2 + </>3 ^3 + . . .) joules 


where each term is the product of i K the current in a 
branch or circuit of the system, and <p K the number of 
flux linkages of that branch or circuit; the summation 
is taken for all the branches and circuits of the system. 

Electrostatic Energy . The electrostatic energy of a 

_ 1 Q 2 • .1 • _ 


condenser is given" by t e = 


joules where q is 


the charge in coulombs and C the capacity of the con¬ 
denser in farads. 

Proof of the Relation. For any branch or circuit of 
the system we have 

e = ri + J_ <LL+ (1) 

where i is the current in the branch or circuit, cj) the 
flux linking the branch or circuit, q the charge on the 
condenser in that branch or circuit, and e the difference 
of potential between the ends of the branch or circuit. 
If the circuit is a closed loop, e = 0. The quantities in 
equation (1) are periodic, and their Fourier expansions 
in general will contain constant terms. Suppose these 
constant terms subtracted out from equation (1) 
leaving 

ei = ru + To* - + ~7T ^ 


= r + 


where e A , u, <f>x, and g A are the purely alternating parts 
of e, i, 4>, and q respectively remaining after the con¬ 
stant terms of the Fourier expansions of these quanti¬ 
ties have been subtracted. 

Now integrate equation (2) taking that integral 
which is purely alternating. (This merely fixes the 
constant of integration.) 

f 1 6a d t — t' i A d £ a -f- 4>a T - f dt (3) 
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Multiplying through by i A and remembering that 
d q A 

n —_ t — 


= 


d t 
fe A dt 

= r u J"i A d H—ttw d>A 'i.A + 


d <?. 


-J 9a d< (4) 


W VA ^^ C dt 

Suppose equations similar to (4) found for all the 
branches or circuits of the system, and that they are 
all added together, giving 

2 i A Je A dt = hr i A J“i A dt + i A <j> A 

■ j" q A dt 


+ 


1 d q,. 


(5) 


7T Tt 

We may now take the mean value of each term of (5) 
getting 

Mean value of 2 i A J e A dt 

= mean value of 2 r i A Ji A dt 

1 


+ 


+ 


10 8 


2 d>A t a 


( 6 ) 


1 dq A 


■ JV * 


* C dt 

W^e now proceed to evaluate each term of (6). 
The first term 

2i A f e A dt. 


Let 


i K = ii sin (co t + ai) + h sin (2 co 2 f + as) + • • • I 

let . _ 

e A = ei sin (co t + fii) + e 2 sin (2 co t + Pv + • • • 

Then 

fe A df --eos (co t + pi) 


#2 

2co 


cos (2 co £ + ^ 2 ) 


Hence it follows that the mean of 

Reactive Power 

CO 


i A J e A dt = 
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supplied to the branch under consideration. It is 
readily seen that when we sum up for all the branches 


. „ Reactive Power 
we get 2- 


for 


the terminals of the 


system. Hence 


Mean value of 



Reactive Power 
co 


The next term 

2 r i A i A dt. 

Let 

i K = ii sin ( co f + cci) + it sin (2 co t + a 2 ) + ... 
Then 



ii 

co 


COS (co t + a-i) 


— -5-2- COS (2 CO t + OL%) . . . 
u CO 

Evidently then the mean value of ix j'i A dt is zero. 
Hence 

Mean value of 2 r i A j i A dt — 0. 

The next term 

—2 i A 4 > a . 

The instantaneous magnetic energy t m is given by 

L = 2 ^ * = 2.10 3 2 ^ D + ^) 

= -gW [2 i D <t > D + 2 4>x U + S </>a i D + 2 4 >d i A ] 

where cf> D and i a are the constant terms of the Fourier 
expansions of cf> and i. Clearly the mean values of 
2 cj ) A and 2 cji D i A are zero, and hence the mean mag¬ 

netic energy 
T m - mean value of t m 

= 2 ~~ [2 4> d i D + mean value of 2 </> A i A ] 
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Hence 

Mean value of -tL- S^i* = 2T m - —2 ^r» fa 


The next term 


1 dq A 

C dt 


- ^q^dt. 


g = Ql sin (to t + v i) + 9* sin (2 to t + 72 ) + • • • 
Then 

d 9* = 5 , co cos (00 t + Ti) + 92 2 w cos (2 coi + 72 ) 
di 

+ . • • ; 


= - Qi/co COS (to t + 7l) 


cos (2 c ot + 72 ) 

2 co 


Hence mean value of 

dq a (' dt= __2i!- 

On the other hand mean value of 


92 * _ li. 
2 2 


. , 9. 2 , 9£_ 4 . + . . . . 

9 * = + “2 *“ 2 + 2 + 


Hence mean value of 

q* = — mean value of j 9 a d£. 


The instantaneous 


electrostatic energy t. is given by 


1 < f - 1 „ (9d + 9a) 2 

f _ _JL v as —X -7=i- 

t. g 6 2 C 




V # p # A 


where 9 „ is the constant term in the Fourier expansion 
of 9 . Since mean value of 
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mean value of t e — T e = mean value of 

1 
2 

Hence 

Mean value of 2 - - j'q A dt = 2T e - 2-^j- 

Substituting into equation (6) we have finally 
Reactive Power , 1 „ , . ,, q D - 

S --- + _v^ D _ s ^_ 

= 2 (T m - T c ) 

The detailed steps in passing from 2 ^ eac ^ ve P Qwer 

CO 


Q d* 


+ 


Qa 2 

c 


taken for each branch to S 


Reactive Power 
co 


taken only 


for the terminals are fairly obvious and so were omitted 
in the above proof. There is one point however, which 
should be brought out in this connection, as it shows a 
limitation ruling out the homopolar machine from the 
relation. It will be readily seen that where slip rings 
are involved, all parts must be at the same potential, 
and the flux linkages between any point fixed on a ring 
and one of the brushes must be negligible. This last 
rules out the homopolar machine. 


« 
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Discussion on “Reactive Power and Magnetic 
Energy” (Slepian), White Sulphur Springs, 
W. Va., June 30, 1920. 

C. L. Fortescue: I want to bring out one point 
which I do not think is brought out in the paper by 
Dr. Slepian, that is, a mathematical discussion _ oi 
the relation between magnetic energy and reactive 
power. I want to point out that there are practical 
uses for this method of obtaining reactive power from 
the magnetic energy. It offers a very simple way 
of calculating the reactive power of induction motors 
and rotating machines, and it points out quite clearly 
the relation between reactive power delivered by 
a machine and the amount of excitation required, 
and I think it is a step in the right direction to recog¬ 
nize these relations. 
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THEORY OF SPEED AND POWER FACTOR 
CONTROL OF LARGE INDUCTION MOTORS 
BY NEUTRALIZED POLYPHASE AL¬ 
TERNATING-CURRENT COMMUTA¬ 
TOR MACHINES 

BY JOHN I. HULL 

Designing Engineer, General Electric Co., Schenectady, N. Y. 

Theory of induction motor control, discussing single¬ 
range (below synchronism only) speed and power factor 
control by means of a constant-speed series commutator 
motor, by means of a constant-speed shunt commutator 
motor, by means of a constant-speed compound excited 
commutator motor; double range (all speeds above or 
below synchronism) speed and power factor control by 
means of a constant-speed shunt commutator motor; and 
double-range (either above or below synchronism^ oper¬ 
ation remote from synchronism^ The. discussion is 
illustrated in detail, special attention being paid to the 
circle diagram. __ 

A STATIONARY polyphase wound-rotor induc¬ 
tion motor is merely a static transformer 
arranged so that the primary coils are all on 
one part of the magnetic circuit, and the secondary 
coils on another part of the magnetic circuit, the two 
parts thus being arranged so as to permit relative 
motion. The reluctance of the magnetic circuit is 
kept as low as possible by imbedding both primary 
and secondary winding in slots, thereby permitting 
the “teeth” between the slots of the primary iron to 
come as close to the “teeth” of the secondary iron as 
safe mechanical clearance permits. The necessity 
of some clearance or “air gap” makes the reluctance, 
hence, the magnetizing current and kv-a. larger than 
for the static transformer of similar capacity, voltage 
and frequency, while the separation of the primary 
winding from the secondary winding and the imbedding 
of both in slots make the leakage reactances larger 
than for the corresponding static transformer. It 
is thus evident that the induction motor may logically 
be considered from the point of view of a transformer 
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so arranged as to permit the forces set up in the second¬ 
ary conductors to cause rotation, at the cost of an 
increase in the magnetizing current and the leakage 
reactance. 

The flux common to both and set up by the resultant 
of the primary and secondary magnetomotive forces 
is the link of mutual influence between the primary 
and secondary. This influence manifests itself as 
electromotive forces set up in proportion to the effec¬ 
tive number of turns, the flux, and the frequency in 
the circuit in question. (Of course, this is rigorously 
true only with the usual assumptions of sine wave 
distribution, etc.) 



The torque is proportional to the summation of the 
products of the secondary turns, and the components 
of current in quadrature with the common flux of each, 
and to the common flux. 

The usual theory of the induction motor takes into 
account only the phenomena within the motor itself, 
performance with adjustable external secondary re¬ 
sistance being analyzed by considering it to be merely 
an addition to the normal resistance of the secondary. 

In Fig. 1, we reproduce a circle diagram, a vector 
diagram for analyzing induction motor performance, 
which lends itself to the introduction of electromo¬ 
tive forces etc., of concatenated machines. 

AH =h (proportional to primary current) re- 
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presents the flux linking primary and secondary which 
would be produced by the primary current alone. 
(Saturation neglected) 

HI = Ci h represents primary leakage flux. 

H G = I E = I 2 (proportional to the secondary 
current) represents the flux linking secondary and 
primary which would be produced by the secondary 
current alone. (Saturation neglected) 

GD = C« 1 2 represents secondary leakage flux. 

AE is thus the resultant of all the primary flux 
and that secondary flux, linking the primary, so that 
neglecting primary resistance drop, E is a fixed point 
for constant line voltage and frequency, as A E is 
the flux which generates the counter e. m. f. to balance 
the applied voltage &i. 

H G intersects AE at B, and as 


A B/A E 


1 1 

h (1 + Ci) ’ 


we see that A B is constant, making B also a fixed 
point. A D is resultant of h and 1 2 + C 2 1 2 and there¬ 
fore generates all secondary electromotive forces ex¬ 
cept resistance drop, which is, therefore in phase 
opposition to the voltage e 2 , set up in the secondary- 
in quadrature to flux A D. This makes A F parallel 
to H D and to IE and further makes AD H a right 
angle, which taken in connection with the fact that, 
as shown above, A and B are fixed points, demon¬ 
strates that the curve traced by point D is the arc of 
2 l circle. 

A line parallel to A I from point D intersects pro¬ 
longation of A E at C 

B D = H D - H B = Is 


(i + cy 


l + Ci 


u 

~ 1 + cl 


(ch + c, (1 + 



Since 

HB 


1 1 
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CD BD 
AI ~ IE 


C D = Ii (1 + Cl) X 


J 2 [Cl + Cg (1 + Ci) ] 
J 2 (1 -- Cr) 


= 11 [Ci + C 2 (1 + Ci) ] 

E A is the flux whose counter e. m. f. balances all the 
applied line voltage as noted above. Let it be desig¬ 
nated I m . BA is the mutual flux at running light and, 


if denoted by J 0 , we have J 0 


Im 

t+ct ' 


C B = CD 


1 1 (1 + C 1 ) 


— ^ + C- ^ 

= Jo [Ci + C 2 (1 + Ci) ] 

CA = EA + CE = J m (1 + C 2 ) 
I m (1 + C 2 ) 


Ci + C 2 (1 + Ci) 


X [Ci + C 2 (1 + Ci) ] 


Since 

CE Im 

EK I 2 



C is thus a fixed point. 

As C A = constant for I m constant. 

With proper scale, I m could be made to represent 
the magnetizing current for the whole of flux J m , (which 
is the quantity commonly calculated, as the primary 
reactance and resistance drop are usually omitted) 
Jo could be made to represent the true running light 
current, primary reactance drop considered, Ji the 
primary current and J 2 the secondary current. If 
we now change the scale of the diagram by the factor 
Ci + C 2 (1 + Ci), we may say that magnetizing i m 
divided by 1 + Ci equals C B, equals true running 
light current i 0 ; primary current i x equals C D; second¬ 
ary current divided by 1 + Ci equals D B. 

At standstill, with zero secondary resistance A D, 
the resultant secondary flux must, of course, be zero, 
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as its generated voltage is zero, which means that 
D coincides with A and CD = C A, so that we have 
the ideal short-circuit or standstill current with zero 
secondary resistance equal to C A. 

As Ci 1 1 is defined as primary leakage flux, the 
primary reactance drop with current i m is C 161 , since 
i m produces the whole of flux whose e. m. f. is equal 
to ei. The primary reactance drop is further equal 
to i m X i if Xi be the primary reactance, thus: 

Cl 6l — im Xl 

Ci = — '^ - 1 — , and similarly, 

&i 



Thus, to draw the diagram of the motor, we need to 
know the primary and secondary reactances Xi and 
Xi and the nominal magnetizing current i m . We need 
then only so much of Fig. 1 as is shown in Fig. 2. 



Fig. 2—Simplified Diagram 

Having chosen a scale, lay off: 

C B equal to io 

c a equai to cZ+csti+W and 

draw a circle with BA as diameter. C M is the in 
phase or watt component of input current for any 
considered load. M D parallel to C A then locates 
D and the remainder of the diagram. The primary 
current is then i x = C D and the secondary current 
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11 is then (1 + CJ D B, or if we use as the unit for 

1 2 the unit denoting the other currents divided by 
1 + C x, we can let D B = i 2 . 

To find the secondary voltage e 2 = A F, we can 
first determine its value reduced to full frequency. 
The voltage generated by flux A E of Fig. 1 is e u and 

that generated by AS is, therefore, j + Ci ' ‘ ™ 

Fig. 2, knowing e h we can say that A B units of 

length correspond to —j— — volts, and can regard 

A D 

A B etc. as measures of voltage. So A D is -^-g- 

times f 1 n — volts at standstill frequency. If the 

secondary resistance is known, the actual value- of 
secondary induced voltage e 2 is, of course, U r 2 , so 
,. . iz r-i 

that per cent slip is s = ^ jj- • 

“Synchronous watts” torque is B D times A D, 
output is (1 — S) B D X A D, efficiency (1 - S) B D 

X — M C, power factor - ^ j y 

If the ratio of secondary turns to primary turns is 
other than 1 to 1, the diagram is, of course, of necessity 
drawn for all factors reduced to either primary or 
secondary terms, secondary terms being usually used 
for work of the present sort. Thus, the primary 
voltage to be expressed in terms of secondary must, 
of course, be multiplied by ratio of secondary to pri¬ 
mary effective terms, primary reactance by the square 
of this ratio, etc. 

In the demonstration of Figs. 1 and 2, it was pointed 
out that point D traces the arc of a circle whose di- 
. ameter is B A, because AD B is a right angle, due to 
the phase opposition of e% and r 2 when the only e. m. f. 
in the secondary circuit, other than that, induced by 
the total secondary flux, is resistance drop. If, as 
in Fig. 3, another e. m. f. than the resistance drop.as 
c r be introduced, then D will still trace the circle with 
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the diameter A B when and only when the introduced 
e. m. f. is in phase with or in phase opposition to e 2 . 
In this case, for given values of i u i* etc., e 2 must be 
equal and opposite to the algebraic sum of i% ^2 and the 
introduced - voltage; hence, since the inducing flux 
of e 2 is determined by the currents,—its inducing 



Fig 3—Induction Motor Diagram 
With regulating voltage e r introduced into secondary in phase opposition 
with total induced e. m. f. 

frequency and the slip and speed must follow variations 
in the algebraic sum of i 2 r 2 and the introduced voltage. 
It is, therefore, evident that varying the introduced 
voltage, while maintaining it in phase with e 2 gives a 



Fig. 4—Induction Motor Diagram 
With regulating voltage e r introduced into secondary out of phase with 
total induced e. m. f. 

means of varying the speed of the motor without 
effecting its power factor torque etc. 

If now, as in Fig. 4, the introduced e. m. f., be of 
different phase from that of e 2 , point D departs from, 
the circumference of the circle whose diameter is 
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B A, as shown at D' because %■> is no longer in phase 
opposition to e%, hence, A D' B is no longer a right 
angle. It is seen that in addition to regulating the 
speed, the power factor of the motor may also be 
regulated by proper selection of phase as well as 
magnitude of the introduced e. m. f. 

It is clear, of course, that the frequency of the 
introduced or regulating e. m. f. must at all times be 
exactly that of in order to maintain the phase 
relation shown. 



Commutator Machine and Connections for Automatic 
Single-Range Regulation of Induction Motor Equipped 
with Flywheel to Reduce Peaks on Line 

Thus, if we can introduce at exact secondary fre¬ 
quency a regulating voltage of controllable phase 
with respect to e 2 and controllable magnitude, we 
shall be able to regulate either speed, power factor 
or both. 

Single-Range, (Below Synchronism Only) 
Speed and Power Factor Control by Means of a 
Constant-Speed, Series Commutator Motor 
In Fig. 5, we show schematically at D, a three-phase 
series neutralized commutator machine whose terminals 
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are connected to the secondary slip rings of main 
motor A. The speed of D is held practically constant 
by generator E. 

Neutralizing winding C lt C«, C s balances the arma¬ 
ture reaction (magnetomotive forces) of armature A, 
and so of necessity neutralizes the e. m. fs. set up in A 
by the transformer action of the fluxes induced by 
series exciting windings S F u S F 2 , S F s . (Ci, C 2 , C 3 
being in series with A carry the same currents as A, 
hence, for a balanced condition of magnetomotive 
forces must have an equivalent and opposite number 
of turns, so the e. m. fs. also cancel). Thus the 
e. m. fs. appearing at the terminals of D are the leakage 
reactance drop, resistance drop and the rotation e. m. f. 
induced by the rotation of the armature A. The 
rotation e. m. f: is, of course, proportional to the flux 
and the speed of rotation, the flux, neglecting satura¬ 
tion being proportional to the main currents which 
flow through series exciting windings <S F i, S Ft, S F 3 . 
This arrangement can then be seen to be such that the 
speed of A will be reduced with the increase of load, 
provided the rotation voltage, as e r in Figs. 3 and 4, be 
given a suitable component in phase with the resistance 
drop, thereby having the same effect on the main motor 
speed, as increasing the resistance. 

Up to the point of the magnetic saturation, two 
laws may be seen to inhere in the machine D. 

1. The flux, hence, the rotation voltage at constant 
speed, is proportional to the current. 

2. The phase angle between the current and the 
rotation voltage (hence, the angle between resistance 
drop and rotation voltage) is constant,^ (it can only be 
changed by changing the construction of the machine). 

These are the basis of the circle diagram of Fig. 6 : 

Points A, B and C are determined exactly as in Fig. 1, 
except that for X 2 we now substitute Xs+c+c s where 

X 2+c +c = X 2 + X c + X c and X c = leakage react- 

x . S' _ s 

ance of regulating motor at primary frequency 

_ kv-a. required to excite regulating motor 

X °s~ i 2 2 X V3 

The kv-a. is at primary frequency and unsaturated 
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iron of regulating motor is assumed. Obviously the 
performance of an induction motor is not changed for 
our purposes, having a part or all of the rotor leakage 
reactance external to the machine. Angle a = F G A, 
between resistance drop F G and rotation e. m. f. G A 
is constant by law No. 2, and G A is by law No. 1 pro¬ 
portional to B D and hence to F G. For these reasons 
angle G F A is constant and since angle B D A =90 
deg. — angle G F A, we see that f3 = angle B D A is 
also constant. 



Fig. 6 —Circle Diagram of Induction Motor with Con¬ 
stant-Speed Series Commutator Regulating Machine 

Thus, as A, B , and C are fixed points, point D traces 
a circle whose center must be at the intersection of the 
perpendicular bisectors of A B and B D. 

We have remarked that Figs. 1, 2, 3, 4 and 6 are 
rigorous when and only when the iron of the machine 
is unsaturated, that is, when the flux may be regarded 
as proportional to the ampere turns. This condition is 
closely enough approximated in the main induction 
motor so that saturation may be neglected without 
much loss of accuracy. For the series machine of Fig. 
6, however, to be of economical proportions, consider- 



1920] 


JOHN I. HULL 


1145 


able saturation will be attained within the working 
range; hence, it becomes desirable to investigate its 
effects. In Fig. 7, A, B, C has been determined as was 
done for Fig. 6, and B D A is the corresponding circle 
determined by angle B D A, which is determined by 

A f 1 

ratio A - % and design angle a, saturation neglected. 

JO (jT 

Now with current B D, we can calculate a new value 



Fig. 7—Diagram or Induction Motor and Constant-Speed 
Series Commutator Regulating Machine 
Taking account of saturation of iron of regulating machine. 

for Za+c+c which will hold only for this one current, 
since in expression 

_ kv-a. to excite regulating motor 

we can determine kv-a. (at full frequency, of course) 
from the known or assumed magnetizing curve of the 
regulating machine. With this new (and decreased) 
value of X 2 +c+c we calculate A' C instead of A C. If 
the new value of Z 2+C+Cj were constant, our new circle 
would be BB'A', but as it varies, D' may be the only 
load point upon it. Triangle A', F', G l is, of course, 
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equal to triangle A F G, and angle B D' A 1 is equal to 
angle B DA. 

A second effect of the saturation is that the ratio of 
rotation e. m. f. to field current (field current being the 
same as the main current for a series machine) is 
reduced, so considering this, A' G" F" is the e. m. f. 
triangle with angle A ' G" F" still equal to angle A G F 
and AG F. 

Since A' G" is less than A' G' and G" F" = G' F' with 
constant a we see that angle G" F" A 1 is less than angle 
G'F'A', hence, angle B D" A 1 greater than angle 

A G" 

B D' A' and the circle if X i+c +c s and q„ were con¬ 
stant would be B D" A '. 

We thus see that the two effects of saturation of the 
regulating machine partially offset one another, as the 
reduction of Xs+e+t s makes the imaginary circle larger 
and the power factor^more leading, while the reduction 

of ratio to makes the imaginary circle 

smaller and the power factor more lagging. 

The point D" cannot be located by rule and compass 
unless we calculate triangles A' D" B and A F G 
which can be done as follows: 

A' G"; G" F" and angle A' G" F" are known. 


A’ F" = a /~A r G"* + G" F" 2 -2 X A' G" X G" F" 

X^cos A’ G” F" 


Sin A' F" G" 


A’G" X sin A’ G" F" 

aHY' 


Angle F" A' G" 

= 180 deg. - (angle A' F" G" + A' G" F") 

determining triangle A' F" G". 

In triangle BD 1 ' A', BA' and B D" are known and 
angle B D" A 1 = 90 deg. - angle A' F" G". 

BD" X sin BD" A' 

FA 7 “ 


Sin BA' jD" = 
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^ n gle XU>" BA' 

= 180 deg. - (angle B A' D” + angle B D" A') 

1'J3" __ B D" X sin D" B A' _ A’ B sin £>"-BA' 
sin BA'D" 01 sin 5 D" A' 

Knowing, thus, A D" and B D", we can find point D" 
with, compass. 

can now construct the curve traced by D" by 
issuming values of current B D", calculating for each 
mine -A.' B, A' G" and A' D" as described. 

For the designs ordinarily encountered, this yields a 
::urve so closely approximating for the working load 
ihe original circle B D A in which saturation is neg- 
ectecl, that it is not necessary to go beyond the con- 
strnction of B D A to get a good idea of the eharac- 

. A' F" 

;ensties except slip which is -jy, If the scale used 

'or ' F" i s not that of A' D", then, of course, slip is 
A' F"' 

multiplied by the proper ratio of scales. 

The combination in Fig. 5 is suitable to service in 
which there are rapid and wide fluctuations in load 
which it is desired to absorb as much as possible by 
the flywheel B. This arrangement is superior to the 
use of a resistance across the slip rings because instead 
of being wasted as in the resistance, the slip energy 
can all be returned to the power system except for 
the machine losses of D and E. When applied to 
a motor with secondary resistance the flywheel 
rednees the peak loads by delivering torque as it 
is retarded. The return of most of the slip energy 
to the line by the regulating set decreases the peak 
loadLs still more. A further advantage for the regu¬ 
lating set is the means which it affords of materially 
improving the power factor of the main motor. 

Single-Range (Below Synchronism Only), 
SPEE5D and Power Factor Control by Means of, a 

Constant-Speed, Shunt Commutator Motor 

The series regulating set is, of course, the simplest 
form, bat it is not adjustable without tapping the 
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field winding or external apparatus, and as it imparts 
to the main motor the characteristic of a material 
reduction of speed with the assumption of load, it 
is not suited to the majority of industrial uses in which 
variable speed from large induction motors is re¬ 
quired. In the greater number of cases, it is desired 
to adjust the speed to a value suited to the momentary 
requirement of the process, and have the speed remain 
at approximately the adjusted value irrespective of 
load variation. 

The total induced secondary e. m. f. of an induction 
motor including the secondary reactance drop is 
proportional to the “rotor field” (See A D of Fig. 1) 
and the slip. So, as is well appreciated, within the 
working range the slip is about proportional to the 
torque as the torque is about proportional to the 
rotor current, the current being proportional to the 
total induced rotor voltage. If at a given load we 
obtain speed reduction by an increase in resistance 
or by the use of a “series” regulating set, in which 
cases an increase in secondary induced e. m. f., hence, 
slip is required to overcome the additional resistance 
drop, or the rotational e. m. f. of regulating set, plus 
resistance drop, then, as soon as the load disappears, 
the main motor speeds up to synchronism, since the 
secondary resistance drop and the rotational e. m. f. of 
the regulating motor vanish with the current. If 
the rotational e. m. f. of the regulating motor could 
be made independent of the load and of the slip, then 
with the departure of load it would remain constant, so 
that the speed would only rise enough to make the 
total induced secondary e. m. f. equal to the rotational 
voltage of the regulating motor, leaving no resultant 
to circulate load current. With load fluctuations, the 
speed would then fluctuate by only such small amounts 
as to cause at all times the small difference between 
total induced secondary e. m. f. and the rotational 
e. m. f. of the regulating motor to overcome the small 
resistance drop of the windings; usually only a few 
per cent of synchronous speed. 

In Fig. 8 is shown an arrangement to approximate 
these conditions. “A” is the main motor, “D” a 
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neutralized three-phase shunt commutator motor, 
whose speed is held practically constant by generator 
E, returning the energy derived from D to the line. 
“B” is an auto transformer excited from the slip ring 
circuit and provided with suitable taps to apply pre¬ 
determined percentages of the slip ring e. m. f. to the 
shunt exciting windings F u F«, F *. Assume that the 
resistance drop in the F lf F 2 , F z circuit is negligible 



Fig. S—Neutralized Three-Phase Shunt Constant- 
Speed A-C. Commutator Machine and Connections for 
Adjustable-Speed Control of Induction Motor below 
Synchronism 


and that “B” applies to F i, F 2i F% the selected percen¬ 
tage of the total secondary induced e. m. f. This 
with the further assumption that the reactance drop 
of the regulating motor is included in the slip ring e. m. f. 
(which is supplied to “£”) and that the resistance 
drop of the main motor rotor is not included in the slip 
ring e. m. f., will give what may be termed for our 
• purposes, “pure shunt excitation.” The effects of 
■these assumptions will be pointed out later. The 
counter e. m. f. of F 1 , F 2 , F z thus consists of the e. m. f. 
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set up by the flux excited by it, and is, therefore, pro¬ 
portional to the flux and the frequency (frequency 
itself being proportional to slip s). 

i. e., e/ = k X <j> X s 

The e. m. f. applied to the field is proportional to 
the total induced e. m. f., as remarked above, and the 
total induced e. m. f. is equal to its own standstill 
value for the main motor current (hence torque) in 
question times the slip, so we see that, 
total induced e. m. f. at standstill Xs = kX4>Xs. 
<t> is thus independent of frequency and proportional 



iiG. 9 —Circle Diagram op Induction Motor and Pure 
Shunt Excited Constant-Speed Commutator Machine 


only to total standstill induced e. m. f. Referring to 
Fig. 9, A, B, C is constructed exactly as Fig. 1, includ¬ 
ing the leakage reactance of the regulating motor with 
that of the secondary of the main motor, so that 
instead of X 2 , we shall have X 2+c = X 2 + X c and 
instead of C 2 , we shall have C 2+c . The circle B, D, A 
would thus apply with regulating set D and E of Fig. 8, 
stationary. With the regulating set running, we get 
secondary current B D', total induced e. m. f., A F of 
main motor secondary proportional to slip and to 
A D' and rotation e. m. f. of regulating motor A G 
proportional to AD' and at a constant angle y from 
AF, angle y being determined by the connections 
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of the transformer B and exciting winding F lt F 2 , F 3 of 

Fig. 8. 

Resolve resistance drop F G into the component F H 
in phase opposition to A F and H G in quadrature to 
A F, the corresponding components of secondary 
current B D' being B D and D D'. 

D D' is proportional to H G, H G = AG sin 7 , so 
H G is proportional to AG (7 constant) which is pro¬ 
portional to AD', hence, D D' is proportional to AD'. 

AD = AD' — D D', hence, A D is proportional to 
AD'. 

B D and B’D' are both perpendicular to A D', hence, 


A B' 
A B 


AD' 

AD 


= constant, and B' is fixed point. 


So curve traced by D' is a circle. 


Slip “s” is equal to 


A F 
AD' • 


At running light (zero torque) B D and H F become 
zero. (For proof of this see Fig. 1. The torque of the 
motor is proportional tp the mutual flux A G and the 
component of secondary current in quadrature with it. 
This is the same thing as the total secondary current 
and the component of the mutual flux in quadrature 
to the current, which component is equal to A D, the 
“rotor field.” The torque is, therefore, zero when B D 
is zero, and in Fig. 9, B D is the torqe producing com¬ 
ponent of B D'.) 

A H 

Thus, running light slip s 0 = > and the addi¬ 


tional slip Si, due to the load is thus, ~^~^r ■ 

It is thus seen that at running light the main motor 
runs at slip s 0 , determined by the angle 7 , and the ratio 
A G 

> which conditions are adjusted by the connec¬ 


tions at B, Fig. 8 . The load slip Si is the same for all 

77 c 

values of s 0 , provided angle 7 be so chosen'that 

remains constant, and is the same as wouldjobtain for 
a normal motor whose circle is B' D' A and^whose 
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short-circuited secondary has the resistance correspond¬ 
ing to the current B ' D' and the drop H F. Thus it is 
evident that the main motor, regulated as in Figs. 8 
and 9 would retain practically the same load slip-torque, 
power factor-torque and input-torque characteristics as 
with short-circuited slip rings, but would have no-load 


speeds equal to the synchronous speed 



It will be noted from Fig. 9 that the primary power 
factor can readily be improved and that at the same 
time the pull-out torque of the main motor can be 
increased. 


Single-Range (Below Synchronism Only) Speed 
and Power Factor Control by Means of a 
Constant Speed, Compound Excited Com¬ 
mutator Motor 

Occasionally, in processes where the peak loads are 
high and of brief duration and of sufficient magnitude 
in proportion to the capacity of .the supply system to be 
objectionable, it becomes desirable to have a larger 
drop in speed due to load than would be obtained with 
a shunt commutator motor, so that a fly-wheel can be 
effectively added to smooth out the peak loads, and at 
the same time retain the adjustability of the speed. 
Fig. 10 illustrates a method of compounding the regula¬ 
ting motor. 

In the shunt excitation, neglect the same factors as in 
the case of the shunt regulating motor, (the secondary 
resistance drop of the main motor and the absence of 
the reactance drop of the regulating motor). In order 
to get the compounding action it would not do merely 
to put in some series turns as in a d-c. machine, since 
there is applied to the shunt field a fixed percentage of 
the total induced secondary e. m. f., which means a flux 
proportional to the rotor field of the main motor as 
already pointed out. Thus, the ampere turns of the 
senes winding would merely be balanced by a change 
m the shunt current, F h F,, F 3 serving as the primary 
of a transformer. It, therefore, becomes necessary to 
change the field voltage in response to load, in order to 
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change the flux and hence the rotation e. m. f. This is 
done by the series transformer H, which has an air gap 
in the magnetic circuit, so that its flux is proportional 
to the resultant of the primary and secondary ampere 
turns. Of course, a proportionate effect upon the flux 
of the regulating motor, will accompany any changes in 
the flux in the series transformer (slip transformer) since 
the alteration in flux produces a proportionate altera¬ 
tion in voltage applied to regulating motor field, and 



Fig. 10 —Neutralized Compound-Excited Constant- 
Speed Three-Phase A-C. Commutator and Connection for 
Adjustable-Speed Single-Range Speed Control of Induc¬ 
tion Motor Giving Automatic Drop in Speed With Increase 
of Load. 

this in turn a proportionate change in flux thereof. 
This then means that the rotation e. m. f. will contain a 
component proportional to the resultant ampere turns 
of the series transformer, which component, of course, 
may itself be resolved into components corresponding 
to the components of the resultant ampere turns of the 
series transformer. 

The performance of the motor, controlled as shown 
in Fig. 10, is illustrated in Fig. 11, in which A, B and C 
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are again found as for Fig. 1, including the reactance of 
machine D with that of the secondary of A. B is the 
no-load point, such that B B' is the no-load secondary 
current, and D’ is the load point under consideration. 
Resolve secondary current B D’ into component BE 
parallel to A D’ and ED' part of B' D'. Component 
B E produces no torque. IA is the rotational e. m. f. 
of regulating motor at constant angle from total 



induced secondary e. m. f. A F of main motor and 
earing constant ratio to AD' being due to the applica- 

fn °£ t0tal induced e - m - f •■ A F to the shunt field circuit 
ot £>, Fig . 10. H G* is resistance drop of B E and / G is 


™ on A F because at zero load’# E becomes B B', 
the total secondary current and H G and G I the only e. m.'fs 
o close the gap between I A and 4 F. As E]E is proportional 

rerolin on^A ^ 7 ^ at COnstant angle ^reto, H must 
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the rotation e. m. f. produced by D of Fig. 10 by the 
voltage introduced into the field circuit by the existance 
of current B E in primary of H. The angle a (I G H) 
is determined by design and is, of course, constant, as is 


the ratio 


GI 
EG ‘ 


F K is total resistance drop, and F L and L K are 
components, due to ED' and BE. KG = LH is 
compounding effect, due to ED', just as GI is due to 
B E, so angle H L F = angle IG H = a and is con- 


Further 


is constant, so angle L F H 


is constant and as F L is parallel to B' D and A F is 
perpendicular to AD', angle B'D'A = 5 = 90 deg. 
— j 8 = constant. 

Therefore, D' traces the arc of a circle. 

A F 

The slip S is equal to -jjjt and at running light 

(zero torque) ED', F L, EL and K G become zero 

, and angle 7 are constant. Angles of triangle 

I EG being constant and G H A being 90 deg., we see 
that IE A is also a constant angle, hence angle A IE 
A E 

is constant. So ^ jy - is constant and as this is the 

expression for S 0 , the running light slip where E F is 

EF 

zero, we see that the slip, due to load Si = - 

AD' , 

consisting of L F, due to the resistance and E L, due to 
the compounding action of the slip transformer. We 
thus see that the running light slip S 0 is adjustable by 
means of B in Fig. 10, while the load slip Si has been 

7 yr jri p£ p 

increased from -j-jy to -qjt by the slip trans¬ 
former. Further, it is apparent that by controlling the 
angle a we can make the power factor get more leading 
or more lagging as load comes on, and thus also, increase 
or decrease pull-out torque of the motor. 

In defining the conditions assumed for Fig. 10, we 
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mentioned that the leakage reactance drop of the 
regulating motor was supposed to be included in the 
voltage applied to the exciting winding. The actual 
effect of excluding it from this circuit can now be shown 
in Fig. 11-A, a modification of part of Fig. 11. The 
reactance in the regulating motor is, of course, not 
applied! to^ its field, and hence the actual rotation 



Pig. 11-a—Effect on Pig. 11 of Correctly Locating 
Resistance of Main Motor Secondary and Reactance of 
Regulating Machine 

e. m. f. for shunt excitation should not include I' I, the 
rotation e. m. f., due to the application of reactance drop 
of B E to the shunt field. Note that I' A is the rota¬ 
tional e. m. f. of pure shunt excitation, and that as 

triangle B E B' is similar to triangle A D' B' — — 

B B' ’AD' . 

= ~A B r ’ hence I' 1 is proportional to IA and to 
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A D' so that AH is still proportional to A D'. GG' 
and H H' are the rotational e. m. f., due to application 
of reactance drop of ED' to shunt field, and hence 
proportional to ED', so they may be excluded from 
K G' and L H', and for them may be used instead, K G 
and L H. As angle G’ GK and H' H L are fixed and 
as H H' and G G’ are proportional to H L and G K, we 
see at once that H L is proportional to L F, angles 
H L F ( = angle H L H' + a) and H F L are constant, 
hence, 5 = B' D' A = 90 deg. — (i is constant and D 1 
still traces a circle. 

Thus when we consider the actual effect of the 
leakage reactance of the regulating motor we see that 
it is merely to alter the amount of compounding. 
Hence, to consider this in the case of Fig. 9, would 
mean to change it to a diagram like Fig. XI, with a small 
amount of compounding, the “pure shunt excitation” 
being only a hypothetical condition. 

The magnetizing current of the regulating motor has 
so far been neglected. Neglecting regulating motor 
saturation, this is proportional to and in phase with 
A D' of Fig. 11. As it flows through the armature and 
compensating windings of the regulating motor only, 
its reactance drop can be added to the compounding 
just as was done in Fig. 11-A at I1' and its resistance 
drop, proportional to B E can be added to the resistance 
drop of B E. Thus, we still would get our circle dia- 
grarm However, it does not usually pay to consider 
so small an element except as an interesting theoretical 
consideration. 

The effect of the inclusion of the main motor resist¬ 
ance drop in the voltage applied to the regulating motor 
field of Figs. 8 and 9 may be treated similarly, providing 
we confine ourselves to operation so far from synchron¬ 
ism and at such a range of loads, that s x is a fairly small 
part of so, in which case the component of rotation 
e. m. f. caused by the resistance drop is approximately 
proportional to the current components. 

Further the accuracy of the diagram developed so far 
hinges on the assumption that the values of S (distance 
from synchronous speed) are so great as to cause the vari¬ 
ations in the relative values of the resistance and react- 
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ance drops of the shunt field circuit to be ^ativf small, 
which will mean a small variation m H G ot Fig 9 
since variations in the phase relation of field current 
and “total induced e. m. f.” A D' mean variations. m 
angle 7 . As the resistance drop is larger and larger 
compared to the reactance drop the smaller the slip 
and frequency, it therefore appears that Figs. 9 and 1 
are accurate only at fairly large values o s ip, an 
small ratios of resistance drop to reactance drop in e 
field circuit, becoming inaccurate as synchronism is 
approached. Consideration of these effects has lead 
the writer to the use of a constant voltage frequency 
changer and adjustable resistance for overcoming and 
regulating the resistance drop of the field circuit, and of 
an auto-transformer with taps (and alternative devices) 
for overcoming the reactance drop, leading m turn to 
a feasible way of regulating the main motor through 
and above its synchronous speed as well as below. 

Double-Range (All Speeds Above or Below Syn¬ 
chronism) Speed and Power Factor Control 
by Means of a Constant-Speed Shunt Com¬ 
mutator Motor 

Several advantages of regulating the main motor 
speed above as well as below its synchronous value 
appear at once. The capacity of the regulating set for 
a given maximum speed variation and maximum speed 
is reduced 50 per cent, provided the synchronous speed 
of the main motor is half way between the extremes. 
For if, S max , S min and S, represent the maximum, mini¬ 
mum and synchronous speeds of the main motor and 
H Pmax be the horsepower capacity at speed S max , we 
have for single range,— 

S, = Smax and capacity of set is:— 


HP, at = HP max X 


Smax Sn 


Now for double range, as above, we have:- 

2 (Smax S s ) — Smax Smin 

HP .= HP, x Sm "~ S ' - = 


t _Q 

! wmtn 

2 
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But as 


HP, 

S,~ 


HP V 


we have,— 


H P„ t = 1/2 H P max X "w- 

&max 

showing that the capacity of the double-range set is 
one-half that of the single range. Thus, not only will 
the first cost be materially less, but the machine losses 
will also be greatly decreased. 



Pig. 12 Neutralized Th hee-Phase Shunt A-C. Commu¬ 
tator Machine and Connections for Adjustable-Speed 
Control of Induction Motor for Operation Both Above 
and Below Synchronism. 


A second important advantage is that the synchron- 
ous speed of the main motor is in the middle of the 
speed range, so that often times many processes may be 
carried out running as plain induction motor with the 
set shutdown, with consequent saving of wear and tear 
on it. 

The apparatus, shown in Fig. 12, is the same as Fig. 
8 , except thatftnstead of going to a star point the ends 
of shunt field coils F u F», F 3 are carried through the 










4 
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adjustable resistance M, to the frequency changer H 
mounted upon the shaft and wound for the same num¬ 
ber of poles as main motor A. This machine has a 
single primary winding connected to a commutator 
exactly as in the armature of a d-e. machine, and has 
collector rings tapped in at points 120 electrical 
degrees apart (for three-phase power). The secondary 
is a smooth laminated ring without windings which 
may or may not rotate with the primary.^ 4’ 

a “revolving field” is set up in this machine which at 
standstill, rotates at synchronous speed of A and H. 
With 120 electrical degrees brush spacing on the 
commutator, we get three-phase full frequency voltage 
of the same value as we apply to the collectors neglect¬ 
ing machine drop, and the phase relation between the 
commutator and collector currents depends upon the 
position of the brushes on the commutator,^ Assume 
A to rotate synchronously in opposite direction to the 
rotation of flux of H, which carries said, flux backward 
mechanically at the same rate that it is turning elec¬ 
trically, leaving it stationary in space, and permitting 
H to produce direct current at commutator like a 


synchronous converter. 

Thus, it is seen that H is automatically a source of 
constant voltage at exact slip-ring frequency. 

If we regulate A at no-load (for simplicity) we see 
that the rotation e. m. f. of D, hence both its flux and 
field current are proportional to slip 5 . Hence the 
reactance drop component of the impedance drop of 
the field circuit, being proportional to frequency as well 
as flux is proportional to S 2 while the resistance drop 
is merely proportional to the field current and to 
S. By connecting to taps of B whose distance 
from the star point is proportional to S, we get a 
voltage proportional to S-, since the total e. m. f. 
of B is itself proportional to S. By changing 
taps on resistance M so that the entire resistance of 
the circuit is proportional to 1/S, we just permit 
constant voltage frequency changer H to supply the 
resistance drop balancing e. m. f., while auto-trans- 
former B furnishes reactance drop balancing e. m. f. 
In practise, one set of switches can be arranged to vary 
both M and B simultaneously. 
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With M operating at a considerable distance from 
synchronous speed, the field resistance drop can be 
exactly balanced for a given load by H, so that as B 
supplies the reactance drop, the conditions previously 
assumed are attained. From Fig. 9 it will be noted 
that the phase of A F alters with load, while that of the 
voltage from H in Fig. 12 remains fixed. This only 
introduces a comparatively small discrepancy for 
working loads, the main effect being a slight alteration 
of the load slip. 

Let us now, on the other hand, consider the case of 



Fig. 13 —Circle Diagram of Induction Motor Running 
below Synchronism with Regulating Machine Receiving 
Constant Shunt Excitation without No-Load Power 
Factor Improvement 

running near synchronism, where the reactance drop of 
the field, varying as S\ and very nearly balanced by B 
has become practically ineffective. Fig. 13 is the 
simplest circle diagram for these conditions, the con¬ 
stant excitation of D, Fig. 12, from the frequency 
changer H being so chosen that, in Fig. 13, rotational 
e. m. f. HA is perpendicular to line ABC found as 
usual. A F is the total induced e. m. f. of main motor 
secondary, F H the resistance drop in main secondary 
circuit for secondary current B D . 

Resolve F H into components F G in phase opposi¬ 
tion to A F and GH perpendicular to A F , and B D’ 
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into corresponding components B D and D D 1 , (Point 
D, thus traces the circle of the main motor with regu¬ 
lating motor reactance included, but with A H left out 
of the circuit) 

G H = H A sin a 



G H H A sin a 

FH = 

sin 8 

sin 8 

BD = 

A B sin a 



BD 

A B sin a 

BD ' = 

cos 8 

cos 5 


FH 


Further, B D' = 

r 2+c 


„ H A sin a 

A B X sin a 

S ° r2+cXsin 6 

cos 8 



HA.. 

1 

And ' tan = 

AB X 

r 2 +c 


As H A, A B and r 2+c are constant, 

Angle 8 must be constant. 

Angle B D' A is 90 deg. + 8, hence D' traces a circle. 

In Fig. 14, we have given the excitation, and hence, 
the rotation voltage AH a shift /3 from its position in 
Fig. 13, so as to improve the power factor. 

Resolve the resistance drop F H', of the secondary 
current B'D' (A, B' and C being the usual fixed points) 
into H' H perpendicular to H A perpendicular to A B, 
and F H, corresponding current components being 
B B' and B D'. Since H' A and angle /3 are constant, 
H and B are fixed points. Now resolve F H into F G 
along A F and G H perpendicular to A F, also B D' 
into corresponding components BD and DD'. D' 
may now be shown to trace arc of circle B D' A as in 
Fig. 13. We note the power factor and pull-out torque 
are better than for Fig. 13. 

As we are considering operation at rather small 
values of slip where the shunt excitation is all from H 
and M of Fig. 12 and is not effected by B, we can com¬ 
pound by the use of plain series windings as with d-c. 
machines without interference by transformer action. 
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In Fig. 15, we have shown the effect of such com¬ 
pounding, brought about by making changes in the 
neutralizing winding C u C°, Ci. It can be demon¬ 
strated that a polyphase armature turning above its 
own synchronous speed in the field, set up by its own 
reaction generates a rotation voltage leading the 
current by 90 deg. Hence, by weakening Ci Ci C 3 , we 
can get this sort of compounding in any desired degree. 

A B' C denote the usual fixed points of the main 



Pig. 14—Circle Diagram of Induction Motor Running 
Below Synchronism with Regulating Machine Receiving 
Constant Shunt Excitation, such as to Give No-Load 
Power Factor Improvement 

motor with reactance of regulating motor included. 
H' A is the fixed excitation from frequency changer and 
rheostat and B'B is running light secondary current, 
due to H' I, B' D being load current considered. A F 
is the total secondary induced e. m. f. 

The secondary current B' D consists of a constant 
component B' B and variable component B D. IH' 
is the constant resistance drop and HI the constant 
leading rotation e. m. f., due to component B B, mak¬ 
ing H a fixed point. G'H is resistance drop and F G 
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leading rotation e. m. f. of variable component B D. 
Now the resistance drop and the variable rotation 
e. m. f. are each proportional to the current (the iron 
of the regulating motor is always at low densities for 
these near synchronism conditions) hence, angle H F G 
_ ejiis constant. Since H is a fixed point, angle 



Fig. 15— Circle Diagram of Induction Motor Running 
Below Synchronism with Regulating Machine Compound- 
Excited, the Shunt Excitation Being Constant and 
Haying No-Load Power Factor Improvement, and the 
Series Excitation Yielding E. M. F. 90 Deg. Ahead of the 
Current 

H FK = 8 can be shown to be constant as in Fig. 13. 
Angle KFG = 9 = c + 8 = constant. Angle BDA is 
also equal to 6, since A D is perpendicular to A F and 
B D is perpendicular to F G. So D traces arc of a 
circle, passing through A and B. 

It will be seen then that the power factor and pull¬ 
out torque can be improved as well as the speed regu- 
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lated by this method, when regulating near synchron¬ 
ism, as well as remote therefrom. When we regulate 
the speed, we-so adjust the taps of B, Fig. 12, as to get 
the desired percentage of slip voltage from F x F 2 F 3 to 
overcome the reactance drop and then so adjust 
resistance M that the field current corresponding to the 
desired conditions will have a resistance drop equal to 
the voltage supplied by H. As the field current is 
about constant over the working range of loads we can 
thus get an even better approximation to Figs. 9 and 11 
than without H and M. As we regulate the speed, we 
thus transfer gradually from the condition of Figs. 9 
and 11 to those of Figs. 13, 14 and 15. 



Fig. 16 — Diagram of Induction Motor Running Loaded at 
Synchronous Speed 

The same conditions are represented as infinitesimally below and as. 
infinitesimally above synchronism. 

We have drawn Fig. 16 to examine the phenomenon 
of regulating the speed of the main motor while loaded 
from an infinitesimal amount below synchronism to an 
infinitesimal amount above synchronism. As the slip 
is negligible, the total induced e. m. f. is also negligible 
and the rotational e. m. f. of the regulating set A H 
just supplies the resistance drop H A, the main motor 
being assumed to be a trifle below synchronism. Let 
us now assume it to be an infinitesimal amount above 
synchronism. 

All vectors are referred to the secondary whose phase 
rotation has been reversed, although the physical condi¬ 
tions in the motor remain unchanged. If we select the 
■ phase of A C as the phase of reference for both phase 
rotations, then the components of all vectors in phase 
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with it will not be altered by reversal of the phase rota¬ 
tion but the quadrature components of all vectors will 
be reversed, as a vector which would not reach its maxi¬ 
mum until 90 deg. after A C will, in reversed phase 
rotation, reach its 90 deg. ahead of A C. This law 
v ieids usH'AD'BC to represent the same phenom¬ 
ena in terms of reversed phase rotation as are shown by 
jj ^ j[) ; jg, c with original phase rotation in the 

secondary. 

mori nnint with motor 


Tn Wo- 17 D is 



jr IG . 17 —Circle Diagram of Induction Motor and 
Constant-Excitation Regulating Machine with One Valtje 
of Excitation such that Speed for the Load Point Shown 
is Nearer Synchronism than the Natural Slip Value and 
Another Value of Excitation such that Speed for the 
Load Point Shown is Above Synchronism • 


synchronism than its natural slip, as the rotation e. m. f. 
of the regulating motor H A has been reversed so as to 
have a large component in phase with the total 
induced e. m. 1, A F. The bulk of the resistance drop 
F H is, therefore", supplied by HA, so that A F and 
consequently the slip are reduced. In these conditions 
the motor would pass through and above synchronism 
as the load dropped off. 

Let us now increase H A until the main motor runs 
above synchronism (with reversed secondary phase 
rotation). As HA was in quadrature to A C, the line 
of the phase of reference, its new value will be shown 
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Fig. 18—Circle Diagrams of Induction Motor Running 
Below Synchronism and Above Synchronism with the Same 
Characteristics, Controlled in Each Case by a^Compound 
Constant-Speed Regulating Machine 


Rolling Mill Motor with Frequency 
Ghanger Exciter 
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with reversed direction at H'A. Load point D' is 
above line A C for motor torque for the same reason. 
The total induced e. m. f. would also be represented 
with its quadrature component above A C instead of 
below, but its direction is actually reversed, as shown 
at A F', since at any instant any given conductor now 
cuts the flux in the opposite direction. 

We note that with no initial quadrature or power 
factor component in H A, and H' A, the motor charac- 
teristie when running above synchronism is better than 
below in respect to power factor and maximum torque, 
while for the generator characteristic the converse is 

true. 


Double-Range (Either Above or Below Synchron¬ 
ism) Operation Remote from Synchronism 
In Fig. 18, we represent operation both above and 
below synchronism, with the same speed torque and 
speed — power factor 
conditions. The con¬ 
figuration indicated by 
the plain letters is for 
using a compound 
commutator motor 
similar to that of Fig. 

11 , except that angle 
a has been decreased 
so that the compound¬ 
ing is mostly in the 
way of power factor 
improvement and adds 
very little to the slip. 

The primed letters in- 



Fig. 20—A Frequency-Changer 
Exciter 


J.11C IlllvU U M XiA 

fhp rAla.tinnci for oneratins: above synchronism 


and angle A D' B' equals <5 can be shown to be constant 
just as in the case of angle A D B'. Keeping the phase 
of 'A C as the phase of reference we note as before that 
the representation in secondary terms with reversed 
phase rotation requires the reversal of the components 
in quadrature with A C of all vectors, and as A F' is 
further actually reversed in passing above synchronism, 
we see that its quadrature components are still in 



b m 




.69 


phase with that of A F. But as the regulating machine 
must furnish power to the main motor secondary in 
order to satisfy the conservation of energy, the total 



Fig. 21 —Speed-Regulating Set for a 1600-H.P. Motor 


current B D f must have a component in phase with the 
rotation e. m. f. I'A, which we see is the case, thus 
requiring that I'A be larger than A F' fulfilling the 
condition that the regulating machine function as a 
generator. 

Note: —p or the development of the circle diagram, particular 
mention should be made of the works of Behrend, Blonde! and 
Arnold-LaCour. Meyer-Delius has also written concerning 
what the writer has termed Single-Range Regulation. 
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Discussion on “Theory of Speed and Power 
Factor Control of Large Induction Motors 
by Neutralized Polyphase Alternating- 
Current Commutator Machines (Mull), 
White Sulphur Springs, W. Va., June 30,1920. 

R. E. Hellmund and C. W. Kincaid (by letter): 
In all of the arrangements shown m Mr. Hull s paper, 
the power derived from, or furnished to the. secondary 
of the main motor is changed to mechanical 
in an auxiliary commutator machine V . ms 
mechanical energy is retransfprmed mto electrical 
energy by an induction machine E . The latter 
machine returns this electrical energy to the line, or 
derives the necessary excess energy from the line, 
as the ease may be, depending whether the mam 
ma chin e is working below or above synchronism. 
In other words, the transformation of the rotor energy 
is taken care of by a motor-generator set. The same 
results can be obtained by applying, m place of the 
motor-generator set, a single machine frequency 
changer in which the change of frequency is accom¬ 
plished the same as in the well known synchronous con¬ 
verter in which an a-c. frequency is changed to zero fre¬ 
quency, that is, to direct current. The advantages 
of using such single machine frequency changers m 
the secondary of the main motor, for the purpose of 
changing the rotor frequency to the line frequency, 
are the same as those obtained by the use of the well 
known rotary converter in place of a motor-generator 
set. This simply means that we have a lower first 
cost, as well as improved efficiency m the frequency 
changer proper. With such a machine, there is, 
however, a definite relation between the voltage of 
the output and input frequency, the same as m the 
alternating-current—direct-current rotary converters. 
In other words, the line frequency voltage of the 
machine is governed by the main motor secondary 
voltage and it is therefore necessary to apply a trans¬ 
former for changing this voltage to the line voltage, 
in order to make a power exchange possible. We 
find, therefore, that part of the gain m first cost and 
efficiency is lost by the necessity of using a transformer, 
the capacity of which is the same as that of the auxiliary 
machine. This is again similar to the conditions often 
encountered in connection with a-c. d-c. converters, 
which are usually operated in connection with a 
transformer, while in the case of motor-generator 
sets, such transformers can often be. omitted, in 
other words, the problem of converting, the. power 
from the rotor frequency to that of the line is very 
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similar to the familiar problem of converting certain 
a-c. frequency to zero frequency or direct current. 
In either case, it is possible to use a single machine, 
usually in connection with a transformer of the capacity 
of such machine, or a motor-generator set, m which 
case no transformer is required unless the line voltage 
is exceptionally high. Numerous control problems 
arise in either case in order to give the desirable speed 
and power factor control of the mam motor. In 
the case of the single machine frequency changer, 
it is usually necessary to vary the voltage of the line 
frequency impressed upon such machine by shitting 
the taps on the transformer. In addition thereto, 
means for changing the speed of the frequency changer 
are required. This means that a double adjustment 
is required, the same as in the arrangement in big- 12 
of the paper. The small translormer L> .of rig. 12 
should not be confused with the transformer mentioned 
in connection with the single machine arrangement. 
As mentioned before, the latter is of the full capacity 
of the auxiliary machine, while the transformer II 
of Fi< r 12 furnishes only the excitation of the commu¬ 
tator machine “D”. Similarly, the switches m con¬ 
nection with the small transformer B cariy only 
a relatively small exciting current, while the switches 
for the transformer of the single machine arrangement 
carry the full-load current. The latter feature further 
tends to decrease the difference in favor of the single 
machine arrangement; nevertheless, it should be 
expected that comparison of the entire equipment, 
including all the apparatus, is somewhat in favor of 
the single machine arrangement. Further experience 
along this line, as well as the particular conditions 
applying to various applications, will largely govern 
the choice between the two alternatives. I hose 
interested in the details of the single machine arrange¬ 
ments will lmd a number of possibilities along this 
line described in a paper read by Mr. Sykes and Dr. 


F. Meyer some years ago. 

The arrangements described in the paper, as 
well as those with a single machine frequency changer, 
give inherently a constant torque for the mam machine, 
that is, the rated torque for the main machine is 
approximately the same for all speeds. Many applica¬ 
tions require, however, increased torques with the 
lower speeds and frequently it is desirable to nave 
constant horse power output for all speeds, buch 
arrangements are possible if the rotor energy furnished 
to the' commutator machine of the various arrange¬ 
ments shown in the paper is transferred into meeham- 
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cal energy and directly applied to the shaft of the main 
SS Inother words, by omitting from the ajrango- 
ments shown the induction machine E and by 
coupling the commutator machine D to the shaft 
of the main motor, we obtain constant horse power 
arrangements. The working principles of such com¬ 
binations are, in general, rather similar to those 
described in the paper, although the speed character¬ 
istic is somewhat affected by the fact that the speed 
of the auxiliary commutator machine has to vary with 
that of the main machine. The only handicap of 
such an arrangement is that the commutator machine 
usually becomes rather large and expensive, With 
the arrangements shown in the paper, the speed of 



Cn<tnjer 


Fig. 1 

the commutator machine can be chosen at will _ to 
best suit its design, while with the commutator machine 
coupled to- the main machine, the speed of the latter 
has to be applied and since it is rather low in many 
cases, it increases the size of the commutator machine. 
In order to avoid the use of a large commutator ma¬ 
chine and the difficulties encountered in connection 
with the design thereof, an arrangement as shown 
in Fig. 1, has been devised for the purpose of giving 
a practical, constant horse power arrangement. The 
main induction motor “ A” is coupled to a synchronous 
machine “S”. The secondary leads of the induction 
motor are connected to the commutator of a single 
machine frequency changer “D”, the commutator 
end of which is connected to the synchronous machine. 
The frequency changer is driven by a small synchronous 
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machine “M” which is just large enough to furnish 
the no load friction energy of the frequency changer. 
If “S” is the slip of the main motor, the frequency 
of the synchronous machine “S” is S. Since 
the auxiliary set runs at synchronous line frequency, 
while the slip-ring frequency being that of the alterna¬ 
tor is 1—5, the difference of the two, as appearing 
on the commutator, is 1 — (1 — S) = S. In other 
words, the commutator frequency of the frequency 
changer is always the same as the rotor frequency of 
the main rotor. The speed regulation can be very 
readily accomplished by simply varying the excita¬ 
tion of the synchronous machine “S”, which in turn 
varies the voltage impressed upon the slip rings of 
the frequency changer, and therefore the voltage 
of the commutator and the slip rings of the main 
motor. Phase adjustment can be accomplished by 
either shifting the brushes on the commutator or by 
shifting the excitation of the small synchronous 
machine “M”. The latter is in practise the simplest 
and can be accomplished by very small field rheostats. 
An arrangement of this kind can be operated equally 
well below and above synchronism and offers no 
difficulty in going through synchronism. The speed 
characteristic of the main set depends largely upon the 
inherent voltage regulation of the synchronous machine 
It has been brought out in the paper that, as 
long as the voltage impressed upon the induction 
motor secondary is constant, the speed regulation is 
similar to that of the straight induction motor. If 
the synchronous machine is designed for good voltage 
regulation, its voltage will remain nearly. constant 
and we will obtain a flat speed characteristic. By- 
designing the alternator for substantial voltage drops 
with increased load, it is easy to arrange a dropping 
voltage at the slip rings of the mam motor. Con¬ 
sequently, it is possible in this manner to obtain a 
rather steep speed characteristic for the main set. 
Since both the phase and voltage adjustment is 
accomplished by means of d-c. rheostats, the control 
is as simple as it can possibly be conceived, at least 
simpler than any control requiring a change of a-c. 
voltages, which usually calls for auxiliary transformers 
and preventive coils, etc. The arrangement just 
described has been built and tested and met all re¬ 
quirements satisfactorily. 

For the sake of completeness, it may be advisable 
to mention the possibility of directly connecting a 
single machine frequency changer to the shaft oi the 
main motor for the purpose of transferring the rotor 
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energy to the line or vice versa This arrangement 
^ essentially the same as m the case of separate 
single machine frequency changers, but usually it is 
not nearly as advantageous, on account of the fact 
that the frequency changer has to have the speed 
of the main machine, which leads to rather uneconomi¬ 
cal designs. This latter arrangement has of course 
constant torque, because the frequency changer does 
not furnish any mechanical power. 

John I. Hull: The paper was intended to cover 
only theoretical and explanatory aspects of the con¬ 
trolling of large induction motors by one particular 
method—the use of the constant speed, concatenated 
polyphase neutralized a-c. commutator machine. Its 
scope was not intended to include a comparison of 
the several schemes for accomplishing the results. 

So far, although it has been known for many years 
no manufacturer has to our knowledge commercially 
exploited the single machine frequency changer coupled 
to the main motor, or otherwise driven at speeds 
proportional to it. This is due, no doubt to design 
difficulties as well as the obstacles to controlling the 
power between the frequency changer and line which 
Mr. Hellmund and Mr. Kincaid allude to. The 
writer's opinion is that at the present state^of the art, 
the “single machine frequency changer < will not 
compare favorably to the two systems now m general 
use, unless perhaps in smaller sizes where the fre¬ 
quency changer can be built in its simplest form and 
still possess good commutation. 

If we compare the two established schemes of speed 
control of induction motors, the “Kraemer” or rotary 
converter system, the “Scherbius' (as modified for 
double range) and the frequency changer analogy to 
the “Kraemer System" described by Mr. Hellmund 
and Mr. Kincaid, it will be observed that from the 
point of view of number of rotating power carrying 
machines, and total kv-a. machine capacity the 
double range Scherbius involves the least apparatus 
nf tWa Tn the arroended tables we show these 


comparisons. 

Of course, to get apparatus which when working up 
to capacity at all speeds gives constant torque, the 
auxiliary machines must exchange the slip energy 
with the line, while for constant. horse power at all 
speeds they must exchange the slip energy with the, 
main motor shaft. "Thus constant torque requires 
the slip energy to be converted to line voltage and 
frequency, but constant horse power requires it to be 
converted to mechanical power at shaft. In such 
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cases, the low speed is really the determining speed 
rather than the high speed, since the ventilation is 
usually less. Thus, starting with a given torque 
capacity at low speed, each of the three systems must 
have this total as the total capacity for the machines 
on the main motor shaft, either in a constant horse 
power or torque arrangement. The constant torque 
arrangements permit the horse power to rise directly 
as the speed rises, while the constant horse power 
variations on the other hand limit the hoisepowei to 
its low speed values, as the torque of the auxiliary 
machine on main shaft diminishes when the speed 
rises, and for double range operation reverses above 

synchronism. „ , ... 

It is often desirable to keep all the regulating 
machines off the main shaft, even in constant home 
power drives, from other considerations than cost, 
so that drives have often been installed to deliver- 
constant horsepower with separate regulating sets 
which might have been a little cheaper with direct 
connected regulating motor. 

Comparing from the point of view of control, it is 
seen that ari exciter not shown in Mr. Hellmund and 
Mr. Kincaid’s diagram is necessary with its little 
rheostat and control unless the drive is to be sub¬ 
jected to the obvious danger of shut down not only 
when the main a-c. supply fails, but also when the 
d-c. mill supply fails. Further, there is the danger 
that the loss of excitation on machines S &M when 
the d-c. fails might easily be the cause of a failure o 
the main a-c. supply, as well. Mr. llellmund and 
Mr. Kincaid refer to a double adjustment for the 
field control of the Scherbins set as illustrated in 
Fig. 12 of the paper. This double adjustment has 
no physical existence, hut was only shown in Fig. VI 
for clearness of explanation. Actually in practise, the 
resistance M serves the additional purpose of limiting 
switching current, making the service very easy on 
the contactors. There is only one set of contactors 
each lying between a tap of the auto transformer and 
of the resistance. Thus it will be seen that there is 
actually only a single adjustment. In the scheme given 
by Mr.' Hellmund and Mr. Kincaid, however, a double 
adjustment will be needed; the speed rheostat lor S, 
and the power factor rheostat for M, or else the brushes 
of D. 
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HIGH-TENSION INSULATOR PORCELAIN 


BY W. D. A. PEASLEE 

Electrical Engineer, Jeffery Dewitt Insulator Co., Huntington, W . \ a. 

Porcelain used in the manufacture of high-tension 
insulators must meet certain requirements as to mechan¬ 
ical strength, ability to resist, sudden changes of tem¬ 
perature, porosity, homogeneity and temperature, co¬ 
efficient of resistivity. A further suggestion as to the 
influences of the Piezo electric effect and the deteriora¬ 
tion of seemingly perfect porcelain is presented with a 
brief discussion of the degree of progress made in the 
art to date. _ 

Introduction 

W HILE in the case of transmission line insulators 
it is true that the design of the insulators 
insofar as the utilization of the material is 
concerned is a matter of most efficient design of air 
insulators, that is, the boundary surface between the 
air and the supporting dielectric, the material of the 
insulator itself becomes of greater importance as the 
voltage of the line increases. 

The shape design of the insulator will not be dis¬ 
cussed here as that subject is reserved for a later 
communication. It is hoped that the following dis¬ 
cussion of the factors affecting the material employed 
in the manufacture of high-tension insulators as a 
dielectric, may lead engineers to a more serious con¬ 
sideration of this vitally important question. The 
discussion is confined to porcelain as for many reasons 
this material has come to be accepted as the best for 
high-tension insulators. 

Factors to be Considered in the Selection of a 
Porcelain Body as a Material for High- 
Tension Insulators 

Mechanical Strength. It is perfectly obvious that 
mechanical strength is one of the prime factors to be 
considered in an insulator material. One of the 
first duties of an insulator is to support the conductor, 
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anH it must do so under any conditions not severe 
“ouilrdely some other element of the fans- 
mission line construction. 

Sators made today either in pm or suspension 
types use porcelain either m compression or tension 
or both, and so it is of great importance to know the 
strength of porcelain under these conditions. 

Porcelain being a brittle or rigid substance like cast 
iron has no yield point as commonly known, and its 
first yield is complete rupture. There seems to be 
no indication that the stressing of porcelain to a 
noint close to its ultimate strength injures it either 
mechanically or electrically. Indeed, the accumulated 
evidence of a.large number of tests covering combined 
electrical and mechanical tests, fatigue tests and hig - 
frequency tests indicate that such stressing has no 
effect whatever upon these properties. It is probably 
quite safe to say that properly vitrified Porcelain 
must be stressed beyond its ultimate strength to 
rupture it even under repeated strains. Tension and 
compression tests both confirm this statement. _ 

It is, therefore, immaterial whether the porcelain 
be used for compression or tension, provided that 
maximum momentary stress does not reach the ultima 
strength of porcelain. For engineering reasons a n 
ample safety factor must always be provided for. Ord¬ 
inary porcelain, made up of the usual three mgred 
ients—clay, flint and feldspar— has been found by 
several investigators to have strengths reaching as a 
maximum 40,000 lb. per sq. in. for compression and 
1500 lb. per sq. in. for tension. Naturally different 
proportions of these ingredients produce a porcelain, 
or to use a ceramic term, “Body,” (which covers all 
bodies made up of the above or similar ingredients 
and vitrified) of somewhat different mechanical char¬ 
acteristics, but these figures cover rather the upper 
limit of strength for a body having the required 
characteristic as to dielectric qualities and ability to 
withstand sudden temperature changes. 

The wide difference between these values has lea 
many engineers to distrust porcelain used under 
tension, but provided the stresses are kept within 
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the proper limits, from an engineering safety factor 
point of view, there is no more valid ground for this 
attitude than there is to condemn cast iron whenever 
used in tension. 

Under the stimulus of the demand by transmission 
engineers for better insulation a great deal of work 
has been done on porcelain mixtures or bodies, and 
certain types are now available, whose strength runs 
up to 65,000 lb. per sq. in. in compression and 12,500 
lb. per sq. in. in tension. This, indeed, is not the 
ultimate limit, as indications point to the commercial 
production of bodies with even greater strength which 
will at the same time retain the other necessary re¬ 
quirements. 

In making tension and compression tests on porce¬ 
lain it is very necessary that the application of the 
stress be made in such a manner as to place the porce¬ 
lain either in pure compression or tension as desired. 
The compression tests are made on small blocks and 
the pressure applied through lead or blotting paper 
disks. The tension tests are made on test pieces con¬ 
sisting of a short, straight section of accurately deter¬ 
mined area between two conical end pieces. These 
conical end pieces are gripped in a specially designed 
multiple part clutch faced with soft lead or blotting 
paper sheets; and remarkably consistent results are 
obtained in this manner. 

Ability to Resist Sudden Changes in Temperature. A 
great many insulator failures are traceable directly 
to the inability of certain porcelain bodies to resist 
sudden changes in temperature. The first rays of 
sunlight on a frosty morning have often been the signal 
for insulator failures directly attributable to this 
weakness. 

Also a body sensitive to this change is more difficult 
to manufacture reliably as it will develop internal 
strains which, added to the applied service strains, will 
produce rupture of the porcelain at very low applied 
loads. The existence of these strains has been shown 
by polarized light under microscopic examination. 

Any mixture or body that in the shape and size 
employed will not, when completely equipped with 
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as indicated by the psychometer test, shows a decided 
penetration under the impregnation test. 

Porosity is of two kinds, discussed in ceramic lan¬ 
guage as open pore and closed pore types. In the 
open pore type the pores or voids are connected by 
capillary passages, while in the second, or closed pore 
type, the voids or pores are isolated. Though the 
percentage of porosity may be the same in the two 
cases, it is obvious that the general character of poro¬ 
sity and its effect on insulators is different in the two 
cases. In general, the first form is a product of under¬ 
firing and the second of over-firing, though many 
instances have been found wherein over-firing produces 
the first type of porosity. There are probably many 
ceramists even today, who will dispute the statement 
that over-firing will produce porosity, but it can be 
very readily demonstrated by proper tests. In this 
connection the curve of Fig. 1 shows the behavior of 
one mixture or body and indicates very well the effect 
of the temperature of firing on the porosity of the 
body. The porosity developed on over-firing on this 
body was of the closed pore type and on under-firing 
of the open pore type. In securing the data for making 
this curve the samples were fired to given temperatures 
and cooled, and the porosity and tensile strength values 
were taken at room temperature. In other words the 
points on the curve represent maximum temperature 
of firing of each sample and not the temperature of 
the test. The porosity determinations were made by 
the psychometer method, the impregnation method 
being in any case merely qualitative. 

In practise the effect of open pore type of porosity 
is too well-known to discuss here. The development 
of megger and buzz stick tests are ample evidence of 
the degree to which this factor has entered into the 
troubles encountered in the insulator field. Tests to 
determine porosity in units at the factory are needed, 
and the man who develops a method whereby we can 
detect porous insulators at the factory without destroy¬ 
ing them, will be a true benefactor of the transmission 
engineers and porcelain manufacturers. 

In the production of insulators a method has been 
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developed that is very valuable in production control 
testin- 4 solution of fuchsine dye m wood alcohol 
s u ed and unglazed pieces placed in it under pressure. 
The slightest degree of porosity of the open pore type 
is indicate^bv a deep penetration of the dye into the 
body of the test piece. Indeed, as mentioned before 
it is so penetrating that the microscope has shown it 
forced into the cleavage cracks of minute quartz cry¬ 
stals. If test pieces of the same shape and volume 
as the insulators being fired are properly distributed 
Si the kiln the fuchsine test on these pieces will furnish 
a very reliable indication of the condition of neighbor- 

mg pieces as to porosity. fl - 

Some very interesting developments have recently 
been brought out by the use of very high pressures on 
the solubility of porcelain in water under certain 
conditions, and it is probable that considerable light 
will soon be thrown upon certain types of insulator de¬ 
preciation as a result of these developments. 

It has been found possible to produce insulators of 
non-porous porcelain within the ordinary hmitss of 
quantity manufacture and by means of this method 
of control to prevent the porous insulators, a few of 
which are unavoidable in commercial manufacture, 
from going to the customers. Closed pore porosity 
is commonly indicated by a swelling of the insulators, 
and can be watched closely by gauges applied to he 
finished product. 

Temperature Resistivity Coefficient.. The tempera¬ 
ture resistivity coefficient of porcelain is large and 
negative. The curves of Fig. 2 give an idea of this 
characteristic and of the improvement that has been 
made in it. The curve marked “Conventional Porce¬ 
lain” in Fig. 2 is the standard mixture of clay, flint 
and feldspar, and the curve marked “New Body” 
is one of* the recent developments, the formula for 
which naturally cannot be disclosed. In this curve 
the points on the curve represent measured resistance 
attained at the, temperatures noted by the abscissas of 
the curve. For instance, a certain sample of conven¬ 
tional porcelain will have a resistance of two megohms 
at slightly over 700 degrees fahr. (371 deg. cent.) 



1920] 


W. D. A . PEASLEE 


1185 


whereas the “New Body” in an exactly similar piece 
has a resistance of two megohms at 1160 degrees 
fahr. (627 deg. cent). These curves will give some 
idea of the progress that has been made in this respect. 
The importance of this feature has been discussed by 
various writers, and it must be stated here that this 
characteristic may be improved but will always be 
negative even in pure quartz. It has an important 
bearing on the mechanism of insulator failures under 



TEMPERATURE DEGREES FAHRENHEIT 

Fig. 2—Temperature Resistance Characteristics of Con¬ 
ventional and New Bodies 

transient voltages. This has been discussed by the 
writer in previous papers before the institute. 1 

Piezo Electric Effect. One of the most baffling diffi¬ 
culties in the insulator situation is the deterioration 
of seemingly perfect units after a time, and the ac¬ 
quiring by non-porous porcelain of a certain porosity. 

1. “ In sulator Failures Under Transient Voltages,” W. D. A. 
Peaslee, A. I. E. E. Transactions, page 1237, Vol. 35; “Insu¬ 
lator Situation....,” W. D. A. Peaslee, A. I. E. E. Trans¬ 
actions, page 401, Vol. 36. 











1186 


W. D. A. PEASLEE 


[June 30 


Some recent investigations indicate that this may be 
intimately connected with Piezo electric qualities of 
quartz crystals. Under the microscope it will be seen 
that porcelain as ordinarily made, consists, of rather 
large particles of quartz in a vitreous magma. It 
is well-known that if certain crystals such as quartz 
are subjected to a pressure on two diametrically oppo¬ 
site faces which are parallel with the major axes, a 
potential difference is set up on the faces perpendicular 
to those upon which the pressure is applied, which 
varies directly as the pressure. 

The converse of this is also true and if a difference of 
potential is applied to two opposite faces parallel to 
the major axes the crystal is subjected to a squeezing 
action and a change in dimensions of the crystal 
results. These changes in dimensions if strongly 
resisted by the surrounding magma will set up enor¬ 
mous local stresses bet ween the magma and the crystals. 

Now what happens when this porphyritic mass is 
placed in an alternating electro-static field? Accord¬ 
ing to the theory of probabilities a large number 
of these quartz crystals are so arranged that their 
major axes are not parallel to the field of force. This 
alternating field applying potentials as described will 
set up in these crystals a change in mechanical dimen¬ 
sions 120 times per second in the case of a 60-cycle 
system. This will result in a vibratory movement 
of these crystals. This vibratory action may be 
detrimental in two ways,—first a rupture of the crystal 
itself, along cleavage planes, and second a rupture 
between the crystals and the surrounding magma. 

A concentrated leakage current results through the 
spaces between the magma and the crystals when the 
crystal is at its greatest deformation and the potential 
differences are at maximum. It will also tend towards 
making the porcelain porous in an entirely different 
manner (that is, by cracks and fracture voids) from the 
types before mentioned and the vibratory action of 
the crystals may aid in the introduction of moisture 
into the body. This decreases its value as a dielectric 
and as mentioned before the solvent action of such 
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moisture may have an accelerating effect upon the 
deterioration of the porcelain. 

Regardless of the degree to which this effect con¬ 
tributes to the deterioration of the porcelain when in 
service on high-tension lines the body to be sought 
is one wherein the quartz is dissolved as completely 
as possible in the feldspathic magma. 

Great progress has been made in this direction and 
in a later communication some data, which are now 
being prepared, may be given that it is hoped will 
be of some help in the solution of this ever present 
problem. 

Conclusion 

The insulator problem at present _ is . one whose 
solution is to be sought in the ceramic field. Aside 
from more rational shape design on the part of electri¬ 
cal engineers, the improvement must come in the 
development of porcelain bodies which meet, to the 
greatest degree possible, the above requirements. 
Great progress has been made in this respect and the 
statement that we may very soon see the commercial 
production in insulator form of such bodies is now 
amply warranted. 
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Discussion on “Hxgh-Tenion Insulator Porce- 
lain” (Pbaslbe), White Sulphur Springs, 
W. Va., June 30, 1920. 

H. B. Vincent: It seems to me there is too much 
insulation between the manufacturer and the electrical 
engineer, and not enough cooperation by the operating 
engineer in respect to keeping the records of practise 
and experience with insulators under operating con¬ 
ditions. 

I had occasion within the last year to go into the 
insulator problem pretty thoroughly, due to the fact 
that quite a large order had to be placed for high- 
tension insulators. Trouble had been experienced 
on some insulators which had been in service quite a 
while, but fortunately I had kept individual records 
of every broken high-tension insulator for six years, 
and on visiting the manufacturers, I found that record 
very valuable in coming to a conclusion as to what 
kind of insulator, I should buy. For example one 
insulator manufacturer, tried to impress very strongly 
on me that I should buy a certain type of insulator 
which he manufactured, mentioning the fact that 
some large company, which had been using it for 
years, had just duplicated the order. That would 
have made a very strong impression on me, had not 
my records failed to entirely substantiate his conten¬ 
tion, probably due to the fact that the conditions 
under which I was operating were different from the 
conditions under which the other man was operating. 
I think the operating man should not lose sight of the 
fact that he is doing probably fifty per cent of the 
work of improving the product by keeping records, 
so that he can cooperate with the electrical engineers 
of the manufacturers, by giving them data of the actual 
performance of their insulator. 

As another illustration I talked with an electrical 
engineer of a large operating company within the 
last month and was surprised to find that he was keep¬ 
ing no records, the apparent reason being he was not 
having much trouble, but I am inclined to feel, from 
my experience that in later years he may have trouble 
with his insulators, and then he will regret that he 
did not keep these records. 

C. L. Fortescue: The insulator problem is quite 
a complicated one. It needs the cooperation of all 
the parties interested in obtaining good insulators. 
In dealing with the insulator problem we. have to 
consider not only the problem of a clean insulator, 
but also the problem of the insulator which has been in 
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service for a certain length of time consideration must 
be given also to the conditions of the line, etc. . 

There is one feature of the theoretical design that 
fits in admirably with this question of insulators that 
have been in service for sometime, that is, if the insula¬ 
tor is designed according to these principles, the intens¬ 
ity is tangential to the actual working surface, and 
consequently dirt dees not accumulate thereon because 
there is no force tending to hold the particles of dirt 
onto the surface,—the actual forces being such as to 
cause them to simply slide off the surface, and ac¬ 
cumulate cn the petticoats, what might be called the 
protective surfaces. Consequently, an insulator de¬ 
signed according to these principles will keep clean, 
and is to that extent self protective. For that reason 
besides many others the theoretical design produces 
a very good insulator. 

I wish to emphasize one point brought out by the 
last speaker namely that we ought to take great 
pains to keep a record of insulators. There are many 
things that go towards making a good insulator, the 
quality of the porcelain is as important as the design 
and we should take pains not to allow prejudices to 
upset our judgment in respect to this important 
commodity. Let us see to it that we all cooperate. 

R. M. Spurck: Mr. Peaslee has discussed a num¬ 
ber of characteristics of porcelain as they relate to 
insulators. These characteristics, mech anical strength, 
ability to resist sudden temperature changes, porosity 
and temperature resistivity coefficient are all so closely 
related that all of them must be considered m any dis¬ 
cussion of the characteristics of any specific sample 
of porcelain. For instance, a sample of porcelain with 
a high mechanical strength might be produced, by 
sacrificing desirable porosity characteristics or ability - 
to resist sudden changes of temperature. A discus¬ 
sion of the above mentioned characteristics especially 
as they apply to insulators should therefore include 
the characteristics as they apply to samples of identical 
materials, mixtures, manipulation, shape, drying and 
firing. To be a practical manufacturing proposition 
the mixture must produce, when all other conditions 
remain the same, a uniform product under a fairly 
broad range of firing temperatures. The importance 
of such characteristics is evident when it is known that 
kilns for commercial work cannot be depended upon 
to produce the same temperature in all parts, nor can 
they be fired to give exactly the same temperature at 
the same place for all runs. 

The mechanical strength of porcelain both in tension 
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and compression is difficult to determine. The values 
obtained depend not only on the fundamental charac¬ 
teristics of the material as determined by the materials, 
mixture, manipulation and firing but also upon the 
size and shape of the test piece. Tensile strength 
tests on a very short thin sample will give unit values 
that cannot be applied to longer samples of larger dia¬ 
meter. Unit tensile strength values obtained from 
samples where extra precautions were taken to elimi¬ 
nate bending stresses must not be applied to practical 
designs where it is not possible to take such precau¬ 
tions. Tests and samples of porcelain where 3000 lb. 
per sq. in. were obtained have been reported. 1 The 
samples tested were 16 in. between grips and one inch 
in d iam eter. It is very probable that shorter samples 
would have given much higher values by the elimina¬ 
tion of bending stresses. However, it is not believed 
that the unit stresses there obtained should be extended 
for use on samples of a much larger diameter. 

The ability to resist such temperature changes is 
not only dependent upon the material itself, but also 
upon the shape and mass of the piece. This charac¬ 
teristic is also directly related to the temperature co¬ 
efficient of expansion. The Bureau of Standards 2 * 
have recently published results ^ of tests of a wide 
variety of porcelain mixtures on which the temperature 
coefficient of expansion from room temperature to a 
temperature of 200 deg. cent, varied from a minimum 
of 1.6 X 10 6 to a maximum of 19.6 X 10 6 . It is 
interesting to note that the clay content of both samples 
was the same but the sample having the lowest 
coefficient contained 35 per cent of beryl. 

The need for a method of determining the porosity 
of an insulator without destroying it is almost too 
evident to be discussed. There is also a need for a 
standard of porosity. Various investigators speak 
of a percent porosity but make no statement as to 
how the value is to be obtained. 

The temperature resistivity coefficient of porcelain 
varies with the temperature of the material and also 
with the impressed voltage and time of application 
of voltage. Its independent relation to porcelain for 
line insulators appears to be somewhat doubtful. 
The fact that a piece of porcelain has a high specific 
resistance under certain conditions does not necessarily 

1. “Boyd Elasticity and Strength of Porcelain and Stone¬ 
ware.” Journal of the American Society of Mechanical En¬ 
gineers. March 1916. 

2. Bulletin 352. “Thermal Expansion of Insulating 

Material.” 


it 
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imply that the porcelain is suitable for high-voltage 
insulators. The converse also appears to be true. 
Although it may be desirable for porcelain for line 
insulators to maintain an exceedingly high resistance 
at temperatures above 100 deg. cent., this seems to be 
improbable because there are no conditions of service 
where the insulators are operated at such a temperature. 

Mr. Peaslee’s curves in Fig. 2 show a wide variation 
in the temperature coefficient of resistance for two 
samples of porcelain. It is impossible, however, to 
compare his values with values obtained by other 
investigators because unit values are not given and 
the conditions of measurement are not listed. I would 
be interested to know how the values were obtained, 
especially the data at 1700 deg. fahr. 

The Piezo Electric effect, I believe was first discussed 
by C. Treisckel 3 who says in part: 

“Now then what happens when we subject this 
porphyritie structure to the influence of alternating 
high potential? The theory of probabilities will 
uphold the statement that a number of these quartz 
crystals are arranged so that their major axes are at 
right angles to the direction of the flow of the electric 
current. The current itself is changing its polarity 
in accordance with the cyclic change, and during each 
cyclic change there are points of maximum and zero 
potential difference. If the current is of 60 cycles 
there will be 120 maximum potential differences 
and 120 zero potential differences per second. The 
effect on each individual crystal, which is arranged 
with its axis in the right direction, will be a vibratory 
movement parallel to the direction of the flow of the 
displacement current. This effect could cause break 
down of the dielectric in three different manners: 
first, a rupturing of the crystals, second, a rupturing 
of the glassy magma surrounding the crystals; and 
third, a leakage through the voids between the crystals 
and the magma when the crystal is at its greatest 
deformation and the potential difference is at its maxi¬ 
mum.” 

G. I. Gilchrest: I believe that Mr. Peaslees 
paper indicates the problem to be more narrow than it 
is. I am commenting briefly on several portions of 
his paper. 

The tension tests by Mr. Peaslee were made on test 
pieces with conical ends. Although it is possible 

3. “A Possible Cause for the Dielectric Failure of Porce¬ 
lains which.are apparently free from Mechanical Defects.” 

Journal of the American Ceramic Society Vol. 2, No. 2, Febru¬ 
ary 1919. 
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to make tension tests on short specimens with conical 
ends, it is not very satisfactory, as it is difficult to 
obtain samples that will give uniform results. Various 
cushioning materials, such as lead, blotting paper, etc., 
will help to distribute the stress. However, from a 
consideration of test values obtained from bending 
tests, tension tests will only indicate about 30 to 50 
per cent of the actual tensile strength of the material. 
Small bars of rectangular cross section tested under 
bending give the most uniform results. 

We recently obtained excellent comparative results 
from impact tests. The test pieces consisted of small 
cups having a diameter of 3 in., height of in., and 
thickness of wall of J4 in. The cups were placed 
on side ill a V-shaped groove, a round nose plunger free 
to move in a vertical slide rested on the upper side 
of the cup. A small weight was dropped on the plunger 
the height of drop being increased by equal increments 
until the cups shattered. The tests pieces were easy 
to manufacture, grinding was not necessary, and the 
cups were convenient to test. The results are, _ of 
course, entirely comparative but where an extensive 
body investigation is being made, comparative and not 
quantitative results are desired. 

Mr. Peaslee suggests that two bodies are known 
which can be heated red hot and plunged into water 
without crac kin g. Considerable experimental work 
has been done during the past few years to determine 
the best body compositions for porcelain used in 
electrical appliances. There are many bodies being 
manufactured at the present time that will stand being 
heated red hot and plunged into water. These bodies, 
however, are not vitrified to the same degree as the 
body of our high-tension porcelain insulators. The 
material is entirely satisfactory for its application, 
since its function is more that of a mechanical separater 
than dielectric separater. 

Mr. Peaslee suggests detecting over-fired insulators 
by means of a gage. This method is not practical 
in an electrical porcelain factory. During firing, the 
body continues to shrink until it reaches the point 
of over-vitrification. When the piece is on the edge 
of over-vitrification, its dimensions are slightly less 
than when the piece is properly vitrified. When over¬ 
vitrification commences, the body starts to boil and the 
material becomes flaky. This condition can be readily 
detected by the eye. 

The degree of porosity can be determined by means 
of a psycometer or by means of penetration of a colorant 
material. There is, however, a degree of porosity 
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which, apparently, cannot be determined by any 
known laboratory method. Professor H. J. Ryan ol 
Le lan d Stanford University obtained some very in¬ 
teresting results which are published in the Trans¬ 
actions of the Institute for 1917. Porcelain insulators 
were found which the megger indicated as porous. 
These insulators could be dried so that the megger 
registered infinity. Thereafter, moisture could not be 
forced back into some of these insulators by any 
laboratory method tried by Professor Ryan. 

Ceramic engineers who have had. considerable 
experience in the production of electrical porcelain, 
feel that in order to avoid placing material improperly 
vitrified on the market, a careful check should be 
kept of the ingredients of the body. It is necessary 
to keep a careful check on each shipment of raw 
materials, a check on the prepared body and extremely 
close control of the firing temperatures. The proper 
temperature to vitrify the body sufficiently to not allow 
measurement of porosity should be determined. The 
temperature at which over-vitrification commences 
should be determined. . The firing control must then 
be sufficiently close to lie between these two tempera- 

As suggested in Mr. Peaslee’s conclusions, the 
ceramic engineer has his problems before him. He 
should, however, have the closest cooperation with 
electrical engineers, as a thorough appreciation of the 
application of the product is necessary. 

W. D. A. Peaslee : I wish to indorse very strongly 
Mr. Vincent’s remarks regarding co-operation between 
the manufacturer and the electrical engineer. It is 
very often found that the selection of insulators for a 
particular condition can be vastly aided by.a careful 
‘ study of operating conditions of lines working under 
similar conditions, but. unfortunately, such operating 
records are seldom available. It is to be hoped that 
engineers will keep more and more complete records 
as time goes on. 

With regard to Mr. Spurcks remarks as to the 
influence of the size and shape of test pieces on the 
units strength indicated, while it is true that there 
is a considerable influence, nevertheless,, experience 
has shown that there is a very definite relation between 
such indications, and that this relation can be 
determined and relied upon to considerable accuracy. 

As to the definition of porosity percentage and means 
of determining this percentage, it may be remarked 
‘that the American Society for . Testing Materials, 
Committee on Electrical Insulating Material, is at 
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present actively working on this very problem and 
I believe it will be of considerable benefit to the in¬ 
dustry when these definitions and methods are properly 
defined. 

The figures as to temperature coefficients of resistance 
are given here merely to show the degree of difference 
obtainable under identical conditions. The absolute 
values and precise methods are available but not for 
publication at present. 

With regard to Mr. Gilchrist’s statements as to 
tension tests and the difficulty of obtaining satisfactory 
results, I cannot agree with him at all, as we have 
obtained remarkably consistent and satisfactory results 
with equipment in the hands of untrained laboratory 
assistants and have not found the bar test in bending 
any more reliable than the properly conducted tension 
t6St. 

With regard to the bodies that will withstand extreme 
temperature changes, I wish to correct Mr. Gilchrist’s 
impression that these are not vitrified with the same 
degree as the body of his high-tension porcelain insu¬ 
lator. The bodies referred to are vitrified to the same 
degree, fired at just as high, if not higher, temperatures 
and make a superior insulating body to any that I have 
ever seen. The one difficulty in the employment of 
these bodies for insulators that would be superior to 
any on the market is the cost. Mr. Gilchrist has 
certainly received the impression that the body re¬ 
ferred to here is a type such as is used for resistance 
elements, but this is not the case. 

With regard to Mr. Gilchrist’s remarks on gaging 
for over vitrification, I think this is one of the subjects 
to take up in the future to be standardized more fully, 
for when a ceramic engineer speaks of a vitrified body, 
unless his standard of vitrification is known, it is a 
little difficult to tell exactly what he means. 

In closing I wish to urge upon all operating engineers 
the importance of keeping complete and accurate 
operating records of their insulators and when such 
records are available on a given, type of insulator, 
these records should be made available to the manu¬ 
facturer of that insulator. It is only by this sort of 
co-operation that we can, as insulator manufacturers, 
gain the most value from experience in the use of our 
product. 
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the use of reactors on large central 

STATION SYSTEMS 

(Introductory to paper on “The Stability of ^ 
Operation of High-Power Generating Systems 
by Dr. Steinmetz) 

BY R. F. SCHUCHARDT 

Commonwealth Edison. Co., Chicago 

T HE use of current-limiting reactors on a large 
central station system is not a new subject as 
it is more than a decade since the need for such 
coils was first emphasized. The same is true with 
reference to reactors placed in tie lines between separate 
generating stations to improve the parallel operation 
of these stations. However, the literature on this 
subject bearing on experience with reactors is still 
somewhat limited and it is therefore thought to be 
of interest to give the experience of a large company 
having a capacity of upwards of half a million kilo¬ 
watts, on which system reactors are used in part. 
This will be the more interesting because the occur¬ 
rences which are here described have demonstrated 
the desirability of further installation of reactors. 

The system in question is that of the Commonwealth 
Edison Company of Chicago. The principal supply 
of this company is obtained from three large power 
houses—namely, Fisk Street, Quarry Street, and North¬ 
west Stations. In each of these there are both 25- 
cycle and 60-cycle turbo-generator units, but as the 
experience to be related in the following was had on 
the 25-cycle system, that system only will be con¬ 
sidered in this paper. 

The Fisk Street Station, with twelve 25-cycle units, 
is operated in two sections of approximately one- 
half of the total 25-cycle capacity of 180,000 kw. on 
each section. Quarry Street, with a 25-cycle capacity 
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of 56,000 kw. in four units, is operated as one section, 
as is also Northwest Station with three 25-cycle units 
aggregating 85,000 kw. The generator and the bus¬ 
bar voltage is 9000 and all of the units are star- 
wound. Each of the units has an oil switch in the 
neutral, and this switch is closed on one of the oper¬ 
ating units in each section. The neutral bus is con¬ 
nected to earth through a 2.5-ohm, non-inductive 
iron-grid resistance. The generators, which' range 
from 12,000 to 35,000 kw. in capacity, are provided 
with reactors in the phase leads (with the exception of 
one 4500-volt, 20,000-kw. unit at Northwest Station 
which has an auto transformer to step up to 9000 
volts). The total reactance of the various units, 
including the external coils, is from 11 to 14 per¬ 
cent, the higher figure applying to the larger units. 

Quarry Street is connected to each of the Fisk 
Street sections through a short tie line of 750,000 cir. 
mil cross-section and each of these tie lines contains 
a reactor having 1.75 ohms reactance. The two Fisk 
Street sections were planned to have a reactor tie at 
the time the coils were placed in the Quarry tie lines 
in 1911 but for financial reasons at the time they 
were omitted and it was decided to operate in open 
ring for a while, the two sections being tied together 
solidly at light load periods when the capacity of the 
operating units was below 50,000 kw. A few years 
ago the coils for this tie connection were purchased 
but they were not actually installed until last year. 

Northwest Station has a number of transmission 
lines which also connect to Section B of Fisk Street. 
Thus far no tie reactors have been installed in these 
connections. While it was appreciated that such 
reactors would ultimately be required for satisfactory 
parallel operation at times of abnormal condition, the 
decision to install them had been postponed until the 
ultimate capacity of Northwest Station, and with it 
the arrangement of transmission lines between North¬ 
west and Fisk Street, was more nearly fixed. That 
time has now arrived. The postponement of this 
decision was made easy by the very satisfactory 
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operation during normal conditions and even at times 
of mild disturbances. 

Feeder reactors offer very desirable further pro¬ 
tection and will also make the action of disconnective 
devices, i. e., relays and switches, more satisfactory. 
However, after generator and bus sectionalizing 
reactors had been installed it was hoped that the very 
heavy expenditures necessary for the coils and their 
housing for the 150-odd lines in the existing stations 
could be avoided, but plans for a new station included 
provision for such feeder reactors. 

Previous to last year, cable failures were generally 
at some distance from the station and the relays 
promptly disconnected lines when such failures oc¬ 
curred. The disturbance on the system was thus very 
slight. During the past year, however, there were 
several failures very close to the busbars and these had 
a fairly widespread effect. Judging from the nature 
of the disturbances it appears that these would prob¬ 
ably have been very much minimized, if not entirely 
avoided, had there been reactors in the feeders and 
in those station ties which are not yet provided with 
them.. It is because of this fact that these disturb¬ 
ances are here described. 

The most serious disturbance occurred on September 
18th, 1919. A few days later it was our good fortune 
to find Dr. Steinmetz in Chicago to address a conven¬ 
tion in session at that time. Advantage was taken 
of the opportunity to ask Dr. Steinmetz to a conference 
with our engineers and as a result the Doctor was 
invited to make extended calculations to determine 
the best electrical dimensions of reactors for the 
system. As Dr. Steinmetz’s paper which will follow 
this immediately, gives the detailed data with the 
discussion and the conclusions based on his study of 
the problems involved in this Chicago system, this 
present‘paper will be limited to a brief description of 
the operating conditions at the time of the disturb¬ 
ances—merely as an introductory statement to the 
valuable contribution of Dr. Steinmetz. 

On May 19th, 1919, at 7:25 a. m., a burn-out oc¬ 
curred in a 12,000-kw. generator on Section A at 
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us- 1 . Qf,.ppt (Fig. 1 Shows a simplified diagram of 
dll conations a! the time). This tmit is one of the 
earlier, vertical type, and is not provided with the 
usual balanced relay protection. It was however, 
ver y promptly cleared from the system by the switch¬ 
board operator. Immediately an unstable condition 
resulted and lasted for eighteen minutes. The voltage 
charts see Fig. 2, showed a constant swinging of the 
pressure during this time, the maximum being about 
9100 volts and the minimum, except for the initial 



Fig. 1 


drop, about 7000 volts. The wattmeters and am¬ 
meters on tie lines A and B between Fisk and Quarry 
and on the lines from Fisk to Northwest swung con¬ 
tinuously from one extreme to the other. The fre¬ 
quency varied from 24 K to 26^ cycles. Units No. 2 
and No. 7 at Fisk Street tripped their throttles from 
overspeed. A number of converters in the various 
substations tripped out. At 7:43 a. m. the disturbance 
suddenly ceased and the system pressure rose to about 
9400 volts but was immediately brought to normal. 

This experience pointed to the need of more react¬ 
ance in the tie connections between Fisk and North¬ 
west Stations and also to the desirability of installing 
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the Section A-B tie reactors which had been purchased 
some time previously but the actual installation of which 
had been postponed. Arrangements were started 
to install the A-B tie coils and, pending the determ¬ 
ination of the size of coils for the Fisk-Northwest tie 
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VOLTHOIK FISK SECTION K 

Fig. ? 

lines, operating instructions were issued to promptly 
open these lines in the event of trouble producing a 
condition of instability. 

On September 18th, 1919, at 3:47 p. m., when the 
25-cycle system load was approximately 200,000 kw., 
a transmission line fed from Section B at Fisk Street 
broke down within 200 feet of the station busbars. 
Fig. 3 shows the diagrammatic location of the fault 
and a simplified diagram of the connections at the 
time. Because of the closeness to the busbars of this 
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cable failure the voltage dropped to so low a point 
that all synchronous substation apparatus on Section 
B and on the Northwest Station (which connects 
directly with Section B as per description given above) 
dropped off and also some of the substation units on 
the Quarry Street section and on Section A of Fisk 



Street, due largely to communication through the 
direct-current connections. These latter units, how¬ 
ever, were quickly restored to service. The load thus 
being lost on Section B and on Northwest, all of the 
generating units involved speeded up and the emer¬ 
gency steam valve was tripped. Due to an incidental 
happening, the 25,000-kw. unit No. -11 operating on 
Section B was disconnected, leaving four of the 12,000- 
kw. vertical units on the B bus. These units as well 
as the two which had been in operation at North¬ 
west Station were then out of synchronism with the 
units on those sections remaining normal; that is, 
Quarry Street and Section A of Fisk Street. Governor 
control was soon restored on these units but the out- 
of-synchronism condition continued for approximately 
thirteen minutes. After the first seven minutes had 
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elapsed, the reactors on tie line B at Fisk Street showed 
evidence of excessive current flowing and the tie line 
meters swung from one end of the scale to the other 
in irregular beats. Thereupon tie line B switch was 
opened. Northwest Station and Section B at Fisk 
Street still remained out of synchronism, however, 


£00 5.00 4.00 3.00PM 
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Fig. 4 


and the pressure of Section B and Northwest buses 
remained near zero during the entire thirteen minutes. 
Fig. 4 shows the pressure charts for the period covering 
this and the succeeding disturbance. 

A number of the lines at Fisk Street were still 
equipped with some of the earlier forms, of overload 
relays and when this very severe shock due to the line 
breakdown came on, a number of these relays operated. 
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The lines opening as a result of this faulty relay oper¬ 
ation together with the considerable direction neces- 


SECTION 'B' SECTION "A" 



Fig. 5 


sary to give to the substation operators prevented the 
load dispatchers from quickly getting a correct inter¬ 
pretation of the actual happenings, otherwise they 
would immediately have ordered the Northwest- 


northwest 



QUARRY 


Fig. 6 

Fisk Street tie lines opened up. The adjustment of 
the relays on these tie lines has now been so made 
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that these lines will open automatically in the event 
of a similar disturbance. 

While the restoration of service following the dis¬ 
turbance just described was in progress and getting 
on fairly well, another line broke down very close to 
the busbars. This line had carried an unusually 
heavy load throughout the day and an excessive load 
during the period following the first disturbance. The 
line in question was fed from Section A at Fisk Street, 
and as the tie line B to Quarry Street, which had been 
previously opened as above noted, had not yet been 
closed, the disturbance was not communicated to 
Section B or to Northwest Station lines. There was 
also no resulting out-of-synchronism condition of any 
of the Quarry Street or Section A Fisk Street units. 
Fig. 5 shows the connections at the time of this occur¬ 
rence, and the pressure conditions are shown on Fig. 4. 

In this discussion of station stability the secondary 
effects and the means adopted for continuing at least 
partial service and finally restoring normal conditions, 
which was effected early in the evening, have no 
direct bearing and are therefore not included. 

It was evident from these disturbances that the 
installation of feeder reactors in the old stations should 
not be longer delayed, and we have now decided to 
use a 0. 5-ohm coil for all 9000-volt, 25-cycle lines. 
The Section A-B coil at Fisk has been in service for 
some months and arrangements are being made to pro¬ 
vide coils in the tie lines between Fisk and Northwest 
Stations. A suggestion made by Dr. Steinmetz to 
divide these tie lines into two groups, one group con¬ 
necting with Section A and the other with Section B 
at Fisk, has been adopted, so that the bus connections 
of the three stations will be a figure eight, that is, a 
double loop, as shown in Fig. 6. 

We were glad to have the assistance of Dr. Stein¬ 
metz in calculating the proper amount of reactance for 
these lines and know that his paper containing the 
discussion of the problem will be of considerable value 
and interest to electrical engineers. 
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S S streeT b! also are in synchronism with each 
other but Fisk Street B is out of synchronism with 
Northwest Station. This gtves: ^ ^ 

Current^ between stations, maximum effeeUve ^ 

Max. pulsating power transfer, per phase:.... 61o0 kw. 

Steady power transfer, per phase:. ••••;;•• 

• Critical shp, that is, limits of synchromzmg 

These values' do not well agree with the observations 
recorded and while so many assumptions have to be 
made that the exact numerical values cannot be relied 
unon too closely, nevertheless, the general magnitude 
of the numerical values can generally be relied ^pom 
It is probable that a terminal voltage of 2550, 'though 
J1!L or-slo of the recording meter, would not 
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have escaped notice in the indicating meters. A 
slowly pulsating power transfer of 3 X 6150 = 18,450 
kw. would have shown in the wattmeter record as a 
had fluctuation, while the wattmeter record during 
this period is unusually steady, showing an apparent 
steady flow of about i000 kw. only. _ A fluctuating 
interchange current between the stations, rising to 
6400 amperes, would probably have shown marked 
distress in the cables. 

It must therefore be assumed that the generators 
in the same stations did not stay in synchronism with 
each other. The behavior of the 20,000 and the 30,000- 
kw. machines in the Northwest Station is an indica¬ 
tion in the same direction. 

(2) With the 20,000 and the 30,000-kw. units of 
Northwest Station out of synchronism with each other 
on the busbars of this station, the following relations 


pertain: 

Induced voltage:. 1400 volts 

Max. effective interchange current:. 3200 amperes 


Max. pulsating power transfer, per phase:- 2230 kw. 

Thus with the breaking of the synchronism between 
these machines, the voltage and the circulating cur¬ 
rent materially dropped, and with it also the current 
circulating between these machines and Fisk Street 
B station. 

The 30,000-kw. machine was then shut down, 
leaving only the 20,000-kw. machine operating in the 
Northwest Station, drifting out of synchronism with 
Fisk Street B station. 

(3) Ass umin g one 20,000-kw. machine in the North¬ 
west Station, out of synchronism with the four 12,000- 
kw. machines in Fisk Street B Station, but the latter 
in synchronism with each other, gives: 

Terminal voltage.... 1820 volts 

Interchange current. 3600 amperes 

Fluctuating power per phase:. 2750 kw. 

While these values are much lower than those in 
(1), they are much larger than the values recorded. 
Furthermore, it is not probable that at this terminal 
voltage the machines in Fisk Street B Station would 
remain in synchronism with each other, under existing 
conditions of steam supply. 

Assuming then that not only the two stations, but 
also the individual machines in either station had 
broken synchronism with each other, and were drift¬ 
ing past each other, the magnitude of voltages, cur¬ 
rents and power is: 

(4) Two 12,000-kw. alternators in Fisk Street B 
Station out of synchronism with each other: 
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„ . 2700 volts 

Induced voltage, maximum e e ^ ' 1820 amperes 

Current:. \ . . 1410 kw. 

alternator in the North- 
west^ Nation', and’ one 12 , 000 -kw. alternator m the 
Fisk B Station. . 164 o yoltg 

Terminal voltage:.. .2150 amperes 

Current..'' ' ;. _ .. 1690 kw. 

Fluctuating power per pnase:.....• • " ’ ’ , * 

the terminal voltage will b between them 

S SrSnSamplitudg "tlhetie 

sySrism" with 4* other also, and were 

s^swsr«- a- 

al ^to ra tie“tu5 tl wUch°cpS£t S Se S of the 
Northwest Station and the Fisk St F eet ® S w °practi- 

a* oh nfher contain appreciable resistance but prac 
cally no reactance, and the synchronizing power depends 

on the reactance, there can be only very little syn¬ 
chronizing power between these stations and thejolN 
ao-e drop due to the short circuit m Street c 

Station caused the loss of synchronism with the North 

w ThflheSutors in Fisk Street B, have considerable 
reactance and no resistance between each other. 
The reason for their breaking synchronism! Jith each 
other must be found in the. grea P ^ 

resulting first from the short circuit and then Irom tne 
break of svnchronism between Fisk Street B and North¬ 
west Station. The synchronizing power J,s Propor¬ 
tional to the square of the voltage. With fisk Street 
B and Northwest, Station out of sy ^, 1 ' on -!™ ei ^ er 
each other but the individual alternators m either 
station still in synchronism with each other, (oase i), 
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the actual induced voltage in these two stations drops 
to an average of E 0 — 1910 volts per phase. The 
synchronizing power between two machines, tor in¬ 
stance, two of the 12,000-kw. alternators of Fisk 
Street B, reaches a maximum at a phase displacement 
between two machines of 90 degrees, and then is: 

p = —— 2100 kw. per phase 

or a total of 6800 kw. or about hall load, and still 
less after the 30,000-kw. unit had been shut down. 

Thus, if the load is suddenly released on these 
machines, unless the steam supply can be reduced 
almost instantly to less than half load, these machines 
will be torn out of synchronism with each other. But 
by breaking synchronism between machines in the 
same stations as the 20,000 and the 80,000 in the 
Northwest Station the voltage is still further lowered 
and thereby the synchronizing power reduced, so that, 
if one machine breaks out of synchronism under these 
circumstances, all will break. This must have hap¬ 
pened on September 18th, 1919. In. other words, the 
break of synchronism between Fisk Street B and 
Northwest Station lowered the voltage so that there 
was not sufficient synchronizing power left to keep the 
individual machines in each station in synchronism 
with each other. 

B. Relations between Fisk Street B Station and Fisk 
Street A and Quarry Street Stations . Four 12,000- 
kw. alternators in Fisk R, out of synchronism over a 
power limiting reactor with’ three 14,000-kw. alter¬ 
nators in Quarry Street, the latter in synchronism 
with each other, and over a second power limiting 
reactor, with six 12,000-kw. alternators in Fisk A, 


gives: 

Torminal voltage:. (U»00 volts 

Intiorcliango cuirmnt:. 8000 iiiiijmtcs 

Power 11iiut.ua.tion por phase:. N800 kw. 


As seen, the calculated value of the terminal volt¬ 
age of Quarry Street, 0(500, agrees as closely with the 
observed value of 6800 volts as can be expected 
from such approximated calculations, especially when 
considering that some synchronous machines had 
been lost by Quarry Street in the substations, and the 
load thereby reduced, whicli would result in an in¬ 
crease of voltage. 

As the total impedance of Fisk Street A is about 1.1, 
and it is connected to Quarry Street by a reactor of 
1.75 ohms, the voltage of Fisk Street A should be higher 
than Quarry Street in the proportion of 1.1 to 1.1 
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Tt he S5eet A during the first 

S T^“tate*conttaSXtowvoIta g e^ 
at' Fisk Street B by the out of synchronism condition 

ffiS Ksn s w 

Street ^ould vary approximately between 1200 and 
2700 amperes This would give an estimated fi 
tJmneSe rise of 600 to 800 deg. cent., so that it 
should be expected that after seven minutes, when 

this reactor was disconnected, itndFSk Street 
The reactor A, between Quarry ]^Str^ 

A, should carry a current of 500 to 1000 amperes, mus 

W ufe conctoTttoS' As the calculated numerical 
values agree with the records of observation as closely 
asSS bfSpeeted from such 

calculations, it. appears safe to accept the correctness 

Msk 6 Street^A^nd Quarry Street remained in syn- 
chSnismSh eachother, but Fisk Street B and North¬ 
west Station broke out of synchronism with Quarry 
Street and with each other, and the individual machines 
of these latter two stations broke out of s3mchromsm 
with each other, and were unable to pull mto step, 
due to frequency differences greater than permissible 
by the smaller synchronizing power existing between 
these machines at the low voltage existing due to the 
break of synchronism between the stations. # 

II Troubles of May 19th , 1919 . Assuming first 
that all the four stations had dropped out of syn¬ 
chronism with each other, due to the trouble m £isk 
Street A Station, and were drifting past each other. 

* This would give the terminal, voltages recorded m the 
following table. Comparing these with the observed 
terminal voltages, which also are recorded m the table, 
it is seen that the calculated values are much lower 
than the observed values. More particularly, at the 

* low terminal voltage of 2650, in Fisk Street B and 
Northwest Stations, under the conditions existing, 
the individual machines would not stay in synchron¬ 
ism with each other, but would break out of synchron¬ 
ism. The relatively high terminal voltage recorded 
in these two stations shows however, that the indi¬ 
vidual machines had remained in synchronism with each 
other, and if this was the case, then the two stations, 
Fisk B Street and Northwest Station, also must have 
remained in synchronism with each other. 
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Considering thus the second assumption: Fisk 
Street B Station in synchronism with the Northwest 
Station, but out of 'synchronism with the Quarry 
Street Station, and the Quarry Street Station out of 
synchronism with the Fisk Street A Station. This 
gives the calculated terminal voltages recorded in the 
3rd line of the following table. 


Table of Terminal Voltages 



Fisk St. 

Quarry 

Fisk St. 

North- 


A. 

St. 

B. 

west 

Observed values:. 

7800 

8000 

8300 

8400 


to 

to 

to 

to 

All 4 stations out of syn¬ 

8200 

8300 

8400 

8500 

chronism:. 

Only Fisk B and North¬ 

6100 

5400 

2650 

2650 

west in synchronism:... 

6100 

5400 

7350 

7350 


As seen, the calculated values are uniformly very 
much lower than the observed values, and while no 
very great accuracy can be attributed to such approxi¬ 
mated calculations, the difference is too great to be 
accounted for, and it must therefore be concluded that 
in this trouble none of the stations had broken syn¬ 
chronism, but all the four staions had kept in synchron¬ 
ism with each other. 

Assuming then as reasonable, that in the trouble of 
May 19th, 1919, the four station sections had kept in 
synchro nism , the question remains to account for the 
great drop and fluctuations of voltage, which were 
greatest at the source of the trouble, Fisk Street _ A, 
and decreased towards the other end of the station 
chain whether due to the hunting of the stations against 
each other, or due to excessive load of lagging current, 
caused by starting of synchronous machines or due to 
some other cause. 

a. Assuming that the stations hunted against each 
other. From the observed voltage drop of the stations 
then can be calculated the approximate value of the 
surging current between the stations, the phase angle or 
amplitude of the hunting, etc. 

b. Assuming that the fluctuating voltage drop was- 
due to the starting of numerous synchronous machines. 
From the total amount of synchronous machine load 
lost in the trouble, can be estimated their starting 
current and its reaction on the generating system. As 
the substation operators would start their converters 
as soon as the voltage comes up, a number of successive 
voltage drops and recoveries would be recorded, giv¬ 
ing the appearance of hunting. 




1210 


R. F. SCHUCHARDT 


[July 1 



Either of these two assumptions gives values which 
are reasonable and in accordance with the observed 
data 4 decision, whether it was real hunting, or the 
reaction of the generating system on excessive lagging 
load could only be made by knowing the phase angles 
between the voltages of different stations, and their 
variation during the disturbance. That is, phase in¬ 
dicators showing and preferably recording at any mo¬ 
ment the phase angle of the station voltage against the 
voltage of any other station connected into the system, 
would therefor be desirable in the operation of such 


= Alex. E.~ Bauhan: I notice in Mr. Schuchardt’s 
paoer that'when some of the machines fell out of syn¬ 
chronism, they dropped out on the steam end. It is 
unfortunate that the emergency trips must be set so low 
that machines will trip out on the steam end when they 
fall out of step. In Baltimore some steam turbines 
which had their emergency trips set at 12 per cent, on 
various occasions fell out of step due to the same cause 
as in Chicago, but remained in on the steam end. Some 
other turbines on which the emergency trips had been 
set down to 6 per cent, would repeatedly trip out on the 
steam end whenever they fell out of step, necessitating 
an additional delay of about two minutes in restoring 
sendee. This is a point which I think should be kept 
in mind in setting emergency trips and in the design of 


turbines. 

Robert A. Kemtz: It may be of interest to out¬ 
line what is being done in Philadelphia to minimize the 
injurious effects of severe short circuits by the use of 
current-limiting reactors. 

We operate two systems, 25 and 60 cycles, with a 
total capacity of about 300,000 kv-a., most of which is 
located in three large generating stations, “Schuyl¬ 
kill”, “Chester”, and “Delaware”, the latter two of which 
are exclusively 60-cycle plants. The 25-cycle machines 
whose capacity is about 25 per cent of the above total, 
are all located in the Schuylkill Station and are-tied in 
with the 60-cycle • system through 22,500 kv-a. of 
frequency-changer capacity. The generation and trans¬ 
mission of both systems is 13,200 volts, three phase. 

In the case of the 60-cycle system where the distur¬ 
bances are more serious than in the other system, the 
practise is to provide reactance in the generators them¬ 
selves, between bus sections, on the lines between gen¬ 
erating stations and on outgoing transmission feeders. 
The generator reactance is provided entirely within the 
machines themselves, no external reactors being re¬ 
quired. The capacity of the bus sections which are 
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separated by bus reactors, is in every case limited to 
66,666 kv-a., although in the new Delaware Station we 
are arranging to initially operate as high as 100,000 kv-a. 
on one bus section. The feeder reactors are rated at 
3 per cent at 6800 kv-a. in all circuits, except in the case 
of certain older transmission lines of smaller than 
350,000 cir. mils capacity, and in the case of tie lines 
between generating stations where the proper power 
transfer and other considerations indicate a lower value 
to be advisable. 

The 350,000 cir. mils circuits are rated at 6000 kv-a. 
and the additional 800 kv-a. in the reactor capacity is a 
factor of safety, which is felt to be advisable. 

The arrangement of the 25-cycle system is very 
similar, excepting that its smaller capacity has not 
made it necessary for us to install any bus reactors as 
yet. The generators are provided with external re¬ 
actors as sufficient reactance could not be obtained 
within the machines themselves. The feeder reactors 
are, as on the 60-cycle system, 3 per cent. 

Reactors installed on feeders are of greater benefit in 
minimizing the damaging effects of short circuits than 
those installed, elsewhere, as they isolate the severe 
voltage disturbances resulting from trouble beyond 
them to such an extent that other feeders are but 
slightly effected. Furthermore, a given percentage re¬ 
actance voltage drop installed on a 6000-kv-a. feeder 
will be five times as effective as the same percentage on a 
30,000-kv-a. generator. Consequently, this use of re¬ 
actors is considered to be most advantageous. 

D. C. Jackson: 'Referring to Dr. Steinmetz’s dis¬ 
cussion we all know that if the voltage falls to zero at 
the busbars, the generators will have no synchronizing 
power on each other, and if the prime movers are not 
set so that they run at exactly the same speeds under 
different loads, they will probably fall out of step far 
enough so they can not bring themselves back into 
synchronism if the reduction of voltage lasts more than 
a short time. That is fundamental. 

It is rather startling, however, to find that Dr. 
Steinmetz is suggesting in his paper that the large 
machines under consideration in this case will not hold 
themselves in synchronism even provided the voltage 
does not fall to less than 50 per cent of normal. Now, 
of course, such a drop on a great power system is un¬ 
usual but it cannot be unexpected with present practise. 
We also must recognize that the synchronizing power 
of the machines depends upon the structure of the 
machines and likewise upon the impedance and the 
ratio of reactance to resistance of the other parts of the 
armature loop from busbar to busbar. 
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Sov sav™ The question then is: Are the machines 
adequately designed which will perhaps drop out of 
AS other with SO per pent *op^ 

$X t"eA ceSAon en|inee? arrd 

fn the efficiency of bus-tie reactors, or rather inter 
station reactors! we can give, in onr system m Njv 
York, the proof of their efficacy for at 1east eight y<ears 
in the operation of two stations of about l50 UUU 
w n each inter-connected, with five per cent 1,000- 
Aere reXS We havi had seve^ <**t ophus 
short circuits. In one case, two men went.under the 

instruction of the switchboard man, under 

crmnrui on a switch on a feeder that had boe 
renahs and came back with the report that the ground 
wa P s ?emoved?but when the operator closed the swrtg 
the ground was still there and made a dead short,cir 

^The^witches on the ties between the stations opened 
and the rotary converters on the unaffected stati 
continued in operation regularly, so that sho y 
rhp svstem was nut m regular function. Wenavenaa 
several similar cases, which absolutely prove that the 
reactors between the stations, with the proper re ay 

ALA^'other speaker questioned 

to reduce the kv-a. in a short circuit when the switches 
are limited in their rupturing - capacity. Therefore, 
we introduce the reactors to protect the switch, to 
bring the current within the breaking capacity of the 
switeh Now, if we want to protect the system bus 
against short circuits on the generators themselves, 
we must consider the rupturing capacity of the switch 
and the use of reactors. The same reasons which 
compel the use of feeder reactors require reactors for 
the generators on a large system, where the bus may 
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give several hundred thousand kv-a.; otherwise, 
you will shut down the system, so that the purpose 
of the generator reactors is not to protect the generator 
but to protect the bus and the system, the same as 
the purpose of the feeder reactors is to protect the 
system. 

James Lyman: The Commonwealth Edison Com¬ 
pany was, I believe, the first large company to install 
current limiting reactors in their power stations. 
These were connected in the leads of their 25-cycle 
generators and in the tie lines between power stations. 

Professor Jackson has referred to a paper entitled— 
“Protective Reactances for Feeder Circuits of Large 
City Power Systems/' by Messrs. Lyman, Perry and 
Rossman, read before the Institute October, 1914. 
The same authors presented a paper February 1914 on 
“Protective Reactances in Large Power Stations." 
These papers were the result of a study of conditions 
incident to the design of the West End Power Station 
and distribution system at Cincinnati. 

To keep within the rupturing capacity of the largest 
oil circuit breakers manufactured by the G. E. Com¬ 
pany and the W. E. & M. Co. we were obliged to pro¬ 
vide current limiting reactors in the main ring bus 
between adjacent generators and also on all feeder 
circuits. Each bus reactor is provided with a short- 
circuiting oil circuit breaker which is interlocked with 
the circuit breaker of its adjacent generator, so that 
when the generator circuit breaker is closed the short- 
circuiting reactor breaker is automatically opened and 
vice versa. Thus there is never more than one bus 
reactor in circuit between any two running generators. 

Three per cent feeder reactors materially reduce the 
flow of the circuit, in case of a dead short circuit. 
Five per cent bus reactors, based on the current rating of 
one generator, limit the current flow under any con¬ 
dition of short circuit in generator or bus to the guaran¬ 
teed capacity of the oil ciicuit breakers manufactured 
by either of the above companies when the ultimate 
eight generators are installed. Reactors similar to 
those at Cincinnati have been installed in the Windsor 
Power Station, Windsor, W. Va., and in the Northeast 
Power Station at Kansas City, Mo. All of these 
stations are designed for an ultimate capacity of from 
200,000 to 250,000 kv. 

The generators have an inherent reactance of from 
12 to 16 per cent and require no reactors in their leads. 
It is interesting now, after these stations have been 
in operation from one to four years, to report that with 
the many incidental short circuits that necessarily 
. occur in any large distribution system, the reactors 


1214 


it. F 


SCHUCHARDT 


[July 1 


, , „ , Uo : v vn i 11P in limiting the current, and that 

have shown their va circuits the bus voltage 

£a“ S-;„usly alteci:e<l. The feeder circuit 
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practical results of introducing 
c. J. woisiag r, f ee( j ers may be existence of 

£® in the case of bus lines he should ground on both 
tion. tne -nv-pv^nt a high voltage existing 

S£e he is wo hint ffSTlto &d be accidentally 
wn ^ e fw Perhans a better method than the m- 
definit!Soundtag bfthe workman, would be deliberate 
grounding 0 through the use of double pole switches, 
at the point the feeder is disconnected at the station. 
The nomt to be here brought out is that grounding 
£S 3 the location where work is to be done, 

is “; ci g s j S ami6son , i wou ld like to call attention to 
the application of reactors beyond their use m genera- 
riue- stations I refer to the case of a customer having 
a toad of from 10,000 to 20,000 kw. In such cases, 
there are so many parallel ties issuing from the. bus 
or from the busses of several stations and substations, 
that it becomes necessary to protect that customer 
from losing his bus pressure m the event of cable 
failures, just as it becomes necessary to prevent the 
bus system proper at the generating station from being 
towered. Unless we get relays and switches for re¬ 
moving the faults before they become sufficiently 
great to cause a drop in voltage it suggests reactors 
in substations or switching centers on the premises 

of large customers. _ , i i 

Our own transmission system has become largely 
a distribution system, and it is very easy to see that 
perhaps reactors may have to be applied m consider¬ 
able numbers at points outside the generating station, 
wherever we wish to preserve the integrity of the gen¬ 
erating (or distribution) pressure. 
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TV7"ITH the increasing use of electric power, the size of 
* » electric generating systems has steadily increased, 
from the small electric lighting stations of the early days, 
with two or three, 30- or 60- kw. high-frequency alter¬ 
nators, to the huge metropolitan systems, with several 
hundred thousand kilowatts of steam turbine alternators. 

The problem of close inherent regulation of the gen¬ 
erators, that is, of constancy of voltage under sudden 
changes of load, has ceased, since no possible sudden 
change of load—short of short circuit—is sufficient to 
appreciably affect the voltage of these big systems. The 
reverse problem however has become serious, that of 
limiting the power which can accidentally be concen¬ 
trated at any point of the system, and its destructiveness. 

With the increasing size and extent of systems, they 
were divided into a number of generating stations, more 
economically to cover the territory, as under present con¬ 
ditions there seemed to be no material gain in going much 
over 100,000 kw. in one station. Thus usually two to 
four or more main generating stations are used, and a 
number of smaller secondary generating stations to 
stabilize the power at the end of long feeders, in outlying 
centers of distribution, etc. 

Economy and reliability of operation demands parallel 
operation of the entire system, and synchronous opera¬ 
tion of all the generating stations is thus the universal 
custom. 

In the former 250-volt direct-current generating sys¬ 
tems, from which most of the large metropolitan systems 
have developed, sub-division in a number of generating 
stations limited the nower which could be developed at 
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• + orif i thereby its destructiveness, by the 

an ? tance of feeders and mains. In the present three- 
resistance of lee _ t d by and distributing 

iXSwSS; •* “»r 22 '“°'T to 

:L—n S p-Me at any point ot t»e 
and special means of limiting the poss,ble power 
comentration^in these systems thus becanre “cessa j. 
This problem became aggravated by the mhe en 
acteristics of high-speed steam turbine alternators, which 
have'completely superseded the former low-speed ensure 

d tn the‘btrariven 60 cycle alternators of ^ jays, 
the output was from 15 to 30 kw. per machine pole m 
the 25 cycle slow-speed engine, driven multipolar alter- 
lators installed in the first Metropolitan 

Sw -.. of New York City, oU., the output was 
about 100 to 125 kw. per machine pole, while m t 
modern high-speed steam turbine ^tematm- jalues 
15 000 to 20,000 kw. per machine pole have beco 
necessary This meant enormously larger magnetic 
fluxes and correspondingly larger armature rasper 
pole But with increasing output per pole, the eflect 
or equivalent reactance of armature reaction which 
not instantaneous, but requires several seconds to 
develop) increases at a faster rate than the true or self- 
inductive reactance of the armature (which>.£***» 
instantaneous, and thus the only reactance whmh lm 
the momentary short-circuit current of the machine). 
Thus, while in the early high-frequency alternators the 
ratio of effective reactance of armature reaction, o ru 
self-inductive armature reactance, was less than 0.5 to , 
it has risen in the large low-frequency turbo aitemato s 
to values of 20 to 1, and more. That is, while in the ea y 

high-frequency turbo alternators the momentary short- 
circuit current was very little larger than the permanent 
short-circuit current, in large low-frequency'turbo alter¬ 
nators the momentary short-circuit current may be 20 
or more times the permanent short-circuit eunen . 
in a high-power system of several hundred thousand 
kilowatt connected steam turbine generator capacity, 
without power limiting devices, the momentary short- 
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circuit current may represent several million kilovolt¬ 
amperes, with corresponding electrical, thermal and 
magnetic stresses. It is not the question whether a circuit 
breaker can be designed at all to open safely such power, 
but it is the fact that such a circuit breaker would in size 
and cost be economically impracticable, when considering 
that with the hundreds of feeder cables and intercon¬ 
necting cables of such systems, several hundreds of such 
circuit breakers would be required. The practise of 
giving the circuit breakers a considerable time limit so 
that they open only after the momentary short-circuit 
current has greatly decreased, greatly relieves the circuit 
breakers, but at the expense of the system which is 
exposed to the full momentary short-circuit stresses, and 
usually shut down. The use of group circuit breakers in 
series to the circuit breakers in ttie individual feeders 
(and usually of larger interrupting capacity than the 
latter) reduces the number of high-power circuit breakers 
required and increases the reliability, by having two 
circuit-interrupting devices in series, and thus is exten¬ 
sively used, but by itself does not solve the problem, as 
the large number of group circuit breakers places an 
economic limit on their interrupting capacity, and the 
required time limit of their operation leaves the system 
exposed to the full destructive effect of the momentary 
short circuit. 

Thus power limiting devices have become necessary 
and are universally used in all modern high-power sys¬ 
tems, in some form or another. Such power limiting 
devices comprise: 

1. Power-Limiting Generator Reactors. Besides de¬ 
signing the generator for the highest possible internal 
self-inductive reactance which can be given to it without 
serious sacrifice of its other characteristics, reactors are 
inserted into the leads between generator and busbars, 
so as to limit the power, which the generator can feed 
into the busbars in case of short circuit at or near the 
busbars, and to limit the power which the busbars can 
feed back into the generator in case of accident to the 
generator. 

Such power-limiting generator reactors in some form or 
another are used wherever the internal self-inductive 
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reactance cannot be made sufficiently high (10 to 15 per 
cent) The latter frequently is the case with bO-cycle 

m Internal reactance of the generator wherever it can be 
secured without material sacrifice of its other charac¬ 
teristics, has the advantage of saving the space and cost 
of the external reactance, but is not quite as good in 
protective value, since in case of an accident m the gen¬ 
erator, its internal reactance is more or less eliminated 
and thus does not protect against, the busbars feeding 
back into the generator. 

The amount of generator power-limiting reactance 
necessarily is limited to that value which does not 
materially increase the total (or synchronous) leactuncc, 
of the generator. Thus, with many generators running m 
parallel in the system, even with the power nnitation of 
the individual generators, the total power which may be 
developed in case of a short circuit on or near the busbais 
becomes excessive. The economic limit of genetatm 
power, which may be concentrated on one busbai, piob- 
ably is between 50,000 and 100,000 kw. Beyond this it 
becomes necessary to cut, or divide the busbars, and since 
parallel operation is necessary, this may be done by. 

2. Power-Limiting Busbar Reactors. These are reac¬ 
tors inserted into the busbars so as to limit the power 
which can flow along the busbars from one side to the 
other side of the reactor, without interfering with t le 
flow of such current along the busbars, as may be require! 
under the variations of load, for synchronous operation, 

6"tc 

Economically, the busbars are naturally arranged so as 
to require the minimum average flow of power along the 
busbars. That is, the feeders which carry power from 
the busbars to the load intermingle with the leads which 
bring power from the generators to the busbars. he 
power flowing along the busbars thus is the difference 
between the incoming and the outflowing power. 1 lieo- 
retically, with a ring bus, cut into sections by powei 
limiting reactors, the maximum power which may have 
to flow over any busbar reactor, is one-quarter that of 
the smallest alternator connected to the section adjoining 
the reactor, and may rise to twice as much, if the busbar 
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sections are not connected into a closed ring, but into an 
open chain. 

The transfer of power from one busbar section to 
another, over the dividing reactance, does not mean a 
drop of voltage; but with the same voltage on two busbar 
sections the power transfer occurs by a phase displace¬ 
ment between the voltages of the two sections. That is, 
if the load on one busbar section increases beyond the out¬ 
put of the generators connected to it, or decreases below 
it, power begins to flow over the busbar reactors connect¬ 
ing it with the adjoining sections. The voltages of the 
adjoining sections however are kept constant by the con¬ 
trol of the alternator field excitation, at the same value e, 
and the reactance voltage i x of the current i, passing 
over the busbar reactance x , thus forms an equilateral tri¬ 
angle with the two voltages e of the adjoining busbar sec¬ 
tions. (See Fig. 1.) That is, is is approximately in quad¬ 
rature with the section voltages e, and as 
ix ,as reactance voltage, is in quadrature 
with the current i, the current i is (ap¬ 
proximately) in phase with the generator 
voltages e, that is, it is an energy cur¬ 
rent. The phase angle 2 co between 
the two voltages e of the two adjoining 
busbar sections then is given by— 



Fig. 1 


sin co = 


ix 

2e 


As the synchronizing power between the adjoining gen¬ 
erator sections is a maximum for 2 co = 90 deg., and 
decreases beyond this, no danger of breaking out of 
synchronism exists, as long as 2 co is materially less than 
90 deg. Thus with a phase angle between the generator 
section voltages e, of 2 co = 30 deg., that is, fairly small 
phase displacement, it is: 


l A = sin 15° = 0.26, 

2e 

or 

— = 0.52 
e 

As theoretically i may be limited to one-quarter of the 
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full-load current i 0 of the smallest generator on the sec- 
tion, it would be: 

= 2.08 
e 

that is, the maximum theoretically permissible busbar 
reactance, at a maximum of 30 deg. phase displacement 
between the busbar sections, would be 200 per cent, 
referred to the smallest generator on the section, as far 
as energy transfer from section to section, with negligible 
phase displacement - 15 degrees—is concerned. 

As the power-limiting generator reactances were 10 to 
15 per cent, or an average of 12.5 per cent, it is seen that 
much larger reactances may safely be used in power 
limiting busbar reactors than are permissible in power- 
limiting generator reactors. 

It is advisable to use as large busbar reactances as 
possible, to limit the shock of a short circuit at or near a 
busbar section as much as possible to this section, that is, 
to affect the rest of the system as little as possible. 

Where a number of stations are connected together, 
operating into the same system, that is, tied together by 
interconnecting cables into one bus, preferably a ling bus, 
it is advisable as far as possible to locate the power-lim¬ 
iting busbar reactors in the connections between the 
stations, that is, tie the stations together over power- 
limiting reactors. In this case it is advisable to install 
one-half of each of the busbar reactors at each end of the 
interconnecting cable, since the probability of short 
circuits in the interconnecting cables is far greater than 
the probability of short circuits at the busbars, and the 
division of the reactor into one half at each end of the 
cable, limits the effect of a short circuit in this cable on 
the generating stations connected together by it. 

3. Feeder Reactors . Even with generator power-lim¬ 
iting reactors, and busbar-dividing reactors, the effect of 
a short circuit at or near the busbars is very severe, at 
least on that section of the system operated from this 
busbar, and will probably shut down this section. How¬ 
ever, short circuits on the busbars are very much less 
frequent than short circuits in cables. The installation 
of proper feeder pow 7 er-limiting reactors, by eliminating 
the short circuits on feeders, even when occurring very 
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near the busbars, from directly affecting the busbars, 
thus eliminates most of the severe short-circuit shocks 
from the generator sections, and is therefore economically 
very desirable. While the reactance of the feeder reactor 
may be only a small percentage of the feeder rating, it 
usually is very much larger than the combined reactance 
of the generators feeding into the sections, and the short 
circuit beyond even a small (in percentage) feeder 
reactor thus involves a very much smaller short-circuit 
current than would occur without the feeder reactor, and 
thus very greatly reduces the shock. Furthermore, with¬ 
out the feeder reactor, a short circuit in a cable near the 
busbars means zero voltage (or practically so) at the bus¬ 
bars, that means dropping out of synchronous apparatus 
(generators, synchronous motors, converters, etc.). 
With a short circuit beyond a feeder reactor, however, 
considerable voltage is retained at the busbars on the 
affected generating station, so that synchronous appa¬ 
ratus is not affected, that is, such a short circuit passes 
without material effect on the system, especially if the 
circuit breakers are set with short time-limit, which is 
permissible due to the greatly reduced current which 
they have to open. 

By the proper use of power-limiting reactors in gener¬ 
ator leads, busbars, and feeders it has become possible to 
operate the modern huge power systems with a high 
.degree of safety, by limiting the maximum power con¬ 
centration which can, in cases of accident, occur at any 
point of the system, and to give the possibility of unlim¬ 
ited extension of the system; that is, a power system of 
several million kilowatts of connected generator capacity 
will be just as safe in the limitation of the possible 
destructiveness of short circuits and other accidents, as 
a system of less than 100,000 kw. generator capacity. 

When thus sectionalizing the system in installing 
reactors between the generators, stations, or station 
sections, these reactors are very low in reactance, abso¬ 
lutely (of the magnitude of an ohm), and thus permit 
ample current to 'flow over them for all requirements of 
the shifting load, without giving appreciable voltage drop 
or phase displacement between the sections. But rela¬ 
tive to the station capacity they are, and must be very 
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high to fulfill their function, in power limitation. Thus 
a reactor of 1.75 ohms reactance, connecting a 9000-volt 
station section of 72,000-kw. generator capacity, passes a 
maximum, at the limits of synchronizing power, of 
45,000 kw. of energy, that is, materially less than the 
rated generator capacity. 

The question then arises, what effect this necessary 
sectionalizing of the system by reactors has on the syn¬ 
chronizing power of the system and thus on the stability 
of operation, the more so as in case of accidents or dis¬ 
turbances a local and temporary drop of voltage may 
occur, and a corresponding decrease of synchronizing 
power. 
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Fig. 2 


In illustration of this, Figs. 2 to 5 show the voltage 
record during a trouble on September 18,_1919, in the 
Commonwealth Edison Company in Chicago, taken from 
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Fig. 3 

Mr. Schuchardt’s paper. Fig. 6, gives the diagram of 
station connections. The system consisted of four sec- 
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tions, A, B, C, and D, interconnected in chain connec¬ 
tion, from A to C and from C to B by power-limiting 
reactors of 1.75 ohms per phase; from B to D by six 
underground cables of 0.31 ohm joint resistance and 0.074 
ohm reactance per phase. Busbar voltage, 9000; load 
almost entirely 25-cycle synchronous converters. Con¬ 
nected generator capacity during the trouble: 237,000 



Fig. 4 

kw., nearly full load. A dead short circuit close to the 
busbars of section B dropped out the converters on sec¬ 
tions B and D, and some converters on sections A and C: 
the circuit breakers in the substations opened promptly 
and cut off the substations, and the short circuit was 
opened in a very few seconds, so that the system was 
clear again in three to four seconds, and the voltage 



should have come back. But it did not come back, but 
stayed at zero in both stations B and D (Figs. 2 and 3)*, 
and showed a permanent great drop in C station (Fig. 4), 
and a lesser drop in A station (Fig. 5). Interesting also 

*While the charts do not read below 6000 volts, the station volt¬ 
meter showed that there was no appreciable voltage during the 
entire period. 
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is the wattmeter record of the power exchange between 
stations over the tie cables between B and D (Fig. 7): 
while usually considerable, practically no power or cur¬ 
rent exchange occurred during the trouble. An exces¬ 
sive current however flowed over the power-limiting 
reactor between B and C. This reactor was opened after 

7 minutes, thus cutting off sta¬ 
tions A and C from stations B 
and D. With this, the volt¬ 
age recovered in A and B, 
but it still stayed at zero in B 
and D , without any apparent 
reason, until seven minutes 
later, or after about a quarter 
of an hour of zero voltage, 
just as suddenly full voltage 
reappeared again in both sta¬ 
tions B and D , without any 
apparent reason. 

What happened in this case was, as the investigation 
showed, that under short circuit the stations B and D 
momentarily dropped to zero voltage and lost their 


D 



Fig. 6 



synchronizing power. The steam turbines speeded up,' 
cut off steam by closing their emergency valves, but were 
put back on the steam governors; their speeds however 
were already too far apart to pull each other into step 
promptly, and while the unaffected stations A and C 
stayed in step with each other, the stations B and D not 
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only broke out of synchronism with each other and with 
A and C, but the individual machines in B and D broke 
out of synchronism with each other. The stations B and 
D , and the individual machines in these stations then 



8 7.50 7.40 7.30 7.20 7.10 7 

AW. A.M. 


Fig. 8 


kept drifting past each other indefinitely, unable to pull 
into step, until some of the machines happened to drift 
into phase with each other, caught in synchronism and 



thereby established some voltage, and then quickly 
pulled all the other machines into step, and the voltage 
then came back suddenly. 





a 8 7.50 7A0 730 720 7^0 7 

A.M. 

Fig. 10 

Figsto 11 show the voltage records of the same fou 
stations during a trouble on May 19th, 1919, and Fig 
12 the wattmeter record of the tie cables between B an< 
ihe statlon arrangement was the same, the con 
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nected generator capacity 250,000 kw.—about two- 
thirds load. 

In this case, a generator short-circuited in section A , 
pulling the voltage down to practically zero, but was cut 
off by the circuit breakers and the system cleared in less 
than two seconds, so that the voltmeter record of A 


9000 

8000 

7000 


Fig. 11 

Fig. 11 shows only a momentary drop to zero voltage. 
Nevertheless, a voltage disturbance resulted in all four sta¬ 
tions, lasting for over a quarter of an hour; that is, the 
voltage greatly dropped, and wildly fluctuated; most at 
the source of the trouble, station A; least at the remote 
end, in Station D, and the voltage remained low and 



fluctuating, for no apparent reason, for 18 minutes, and 
then suddenly recovered and steadied down, without 
any apparent reason also. An excessive current passed 
during the disturbance between stations D and B as 
shown by the wattmeter record going off the scale, and 
an excessive current between B and C station shown by 
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the heating of the reactor. In this case, the stations did 
not break out of step with each other, but stayed in 
synchronism. In appearance these records look very 
much like hunting, or surging of the stations against each 
other, and thus are rather disquieting to the station oper¬ 
ation. It is questionable however, whether it is real 
hunting. 

The question of the synchronizing power of these big 
stations and in general of all phenomena of synchronous 
operation, as affected by the impedance between the 
machines, thus is of fundamental importance for the safe 
operation of our modern large power systems. 


II. PARALLEL OPERATION OF SYNCHRONOUS 
MACHINES 

A. Steady Strain 


Let two alternators or groups of alternators, such as 
stations or stations sections, of the same terminal volt- 
age, be connected with each other through a reactance, 
or more general, through an impedance, and in synchron¬ 
ism with each other. 


We may assume the alternators of equal voltage, since 
a voltage difference merely superimposes on the syn¬ 
chronizing or energy current flowing between the alterna¬ 
tors, a reactive magnetizing current, without materially 
c anging the energy relations, and the equations thus are 
ot the same general characteristics, merely a little more 
complicated. 


If the loads on the two alternators equal the power 
output of the respective machines, no power flows over 
the impedance between them. If however, the load on 
the one alternator is greater, that on the other alternator 
by the same amount less than its output, power must 

The l0ad on «*> 

varies with the changing conditions in the system- the 
relative output of the alternators or group of alternators 
however is fixed by the speed governors of their prime 
movers and can be varied only in steps, by shutting down 
a machme or starting an additional machine. Thus the 

the load onlt “T*** T ^ Cannot aIwa y« equal 
load on it, and an exchange of power must occur 
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between the generating sections, that is, power flow over 
the impedance between the generating sections. 

Let P = the power flowing from the underloaded to 
the overloaded alternator, over a circuit of the imped¬ 
ance z, and let * 

2 co —the phase displacement between the two 
alternators, caused by the flow of power. 

The e.m.fs. of the two alternators then may be 
represented by 

ci = e 0 cos (0 - co) \ 

e 2 = e 0 cos (0 + co) / ■ } 

where e 0 — maximum value of e.m.f., and <p — 27rft. 
The resultant e.m.f., acting in the circuit between the 
two alternators then is 
e ~ ei — e 2 

= e 0 | cos (</> — co) — cos (<jf> + co) } (2) 

= 2 e 0 sin co sin</> 

that is, in quadrature with the average voltage of the two 
alternators. The interchange current between the two 
alternators then is 


' • ft V 

=-sm co sin (4> — a) 


where 


z = V r 2 + x 2 
r = resistance 
x = reactance 

of the circuit between the two alternators, including their 
internal resistances and reactances, and the phase angle 
oi is given by 

tan a = — 
r 

The effective^ value of the current i is then given by 
T V 2 eo 


or, if E = effective value of generator e.m.f.., 

e 0 = E V 2, and 

T 2E . 

i = - sm co 

z 
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The power consumed in the resistance r of the circuit is 
P — I 2 r 


4 E 2 r . 

= — it- sm 2 co 
z 2 

4 E* . „ 

— —— sm* co cos a 

The power of the first alternator then is 
Pi = Ci i 
2e 2 

= -f sin co sin (<f> - a) cos ( <j> - co) 
and the power of the second alternator, 


Pi = - 


.2s* 


sin co sin (<p - a) cos (0 + co) 


The sum of the powers of the two alternators then 
v' — Pi + Vi 


(5) 


( 6 ) 


(7) 


is 


2e 0 2 


z sm w Sln (0- «) [cos (<f> - co) - cos( (j> + Ci))] 
_ 4e 0 2 


z sm- co sin sin (0 — a ) 

2e 2 

= — sin 2 co [cos a - cos (2 0 - «)] 
and its average value thus is 


2 e 2 

avg. p' = —°— 


sm 2 co cosct 


sm 2 co cos a 


z 

= ±E 2 . 

z 

= P' 

that is, the sum of powers of the two alternators is the 
power consumed in the resistance of the circuit between 
them as obvious. 

The difference of the powers of the two alternators is 

2 p = pi - pi 
2e 2 

z~ s * nco — <*) [cos(0 — co) -f cos(0 + co)] 

4e 2 . 

= _ s j n ^ cog w cos ^ g * n ^ __ ^ 

2 ^ = “ 7" sin 2 ^ [sin a - sin (2 <j> — a)} 


( 8 ) 
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and its average value is 
6 ^ 

avg. 2 p = —— sin 2 co sin <x 
z 

2E> . . 

=-sin 2 co sin a 

z 

= 2P (9) 

The power transfer therefore between the two alterna¬ 
tors (or generating stations or sections of generating 
stations) is 

_ E 2 . 

P — — sin 2 co sin a (10) 

and the leading alternator, e* delivers power to the 
lagging alternator, e,. 

The power P is thus zero for co = 0, and it increases, 
reaching a maximum 

D , E' 2 . 

Pm=—sma ( 11 ) 

for co = 45 deg., or 90 deg. phase displacement between 
the alternators, and then decreases again to zero at 
co = 90 deg., or phase opposition of the alternators. 

Beyond co = 90 deg. the synchronizing power Pm 
becomes negative, with the same values, that is, the 
alternators synchronize at the next pole. 

The synchronizing power P is zero for a = 0, that is, 
if the circuit between the alternators contain no react¬ 
ance, but only resistance, and is a maximum when, the 
resistance is negligible compared with the reactance, 
that is a = 90 deg. 

P" E2 • o 

r Sin 2 co ( 12) 

Substituting in (10), 


P - a: sin 2 co ( 13 ) 

that is, with a given impedance 2 , and thus given syn¬ 
chronizing current between the alternators, the syn- 
e ionizing power P is directly proportional to the 
reactance x of the circuit between the alternators. 
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The, maximum synchronizing power between the 
alternators thus occurs at phase angle co = 45 deg., that 
is, 90 deg. phase displacement, and neglibible resistance, 
and is 


p E2 

1m = 

X 

(14) 

at current (effective): 


r E V 2 

1m — 

X 

(15) 

and resultant e.m.f. 


Em = j E V 2 

(16) 

In this case, the phase angle 2 co 

between the alterna- 


tors or station sections is constant during operation, but 
varies with change of load between the station sections, 
and can be kept very small by properly apportioning the 
number of generators in operation in each section, to the 
respective load on this section. 


B. Oscillation 


Consider again two alternators or groups of alterna¬ 
tors^ such as stations or station sections, which are 
running in synchronizm with each other, having .the same 
frequency/, but connected together while out of phase 
with each other by an angle 2 co, or thrown out of phase 
by some sudden change of load, momentary short circuit, 
ete.^ As is well known, the alternators then oscillate 
agamst each other, with (practically) constant frequency 
of oscillation pf, and gradually decreasing amplitude of 
oscillation and finally steady down in phase with each 
ot er, at the constant phase angle co deg., determined by 
the condition of steady power transfer between the 
alternators. 


Sance, under normal conditions of operation, the steady 
p ase angle a deg. must be small, we may assume that 

7ZT 10 V CCmS S f nmetrically around position 
r T‘r lr T haSe With each other > <*at is, the 

tSpiir;; r - -■ wh<m •*» »« 

thaWs same equation, than pertain as in section A, 
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The e.m.fs. of the two alternators are 
ei = e 0 cos <j) — co) 

c 2 = e 0 cos ( <j> + co) ( 1) 

The e.m.f. acting in the circuit between the tv^° 
alternators 

e = 2 e 0 sin co sin </> 
with effective value 

E°~2E sin co (1*7) 

The current flowing between the two alternators is, 


with effective value of 


sin( (f> 


Where z is the impedance of the circuit between the tw^o 
alternators or groups of alternators, including thei^r 
internal impedance; and the power transferred between 
the alternators is 
E 2 . 

V — g sin 2 co [sin (2 <j> — a) — sin a] (S) 

The first term of (8) is of double frequency, 2/. It thus 
does not represent energy transfer between the alter¬ 
nators, but merely represents the energy storage and 
return, twice per cycle, occurring in any inductive cir¬ 
cuit. It thus is of no further interest, and is: 

Powder transfer between the alternators 

E> . ^ . 

r = —— sm 2 co since ( ico 


sin 2 co 


( 12 ) 


In this case, however, the phase angle co of the e.m.f. 
is not constant, but pulsates with approximately constant 
frequency of the beat, and decreasing amplitude. 

Let co„ = co 00 e at ( 18 } 

be the maximum value of the phase angle during each, 
oscillation (decreasing from its initial maximum value 
0 ) 0O by the exponential of time e^ z ). 

W e may then represent the gradually decreasing ampli¬ 
tude of the phase angle co by 

co= co 0 sin p <p* | 

= co 00 sin pcfr) 
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where pf = frequency of the beat, or the (complete) 
periodic variation of the phase angle co. 

In reality, the equations (3), (4), (8), (10) of section A 
are not strictly correct for the conditions under investi¬ 
gations in section B , since in the derivation of these 
equations, in A, co has been assumed as constant. In 
the case of B , oscillation of the alternators, co varies 
periodically, is a function of cj> and thus additional terms 
appear in these equations. Since however the frequency 
of variation of co is very low compared with the frequency 
of f, p = a small quantity; these additional terms are 
small, and the above equations thus are correct with 
sufficient approximation, especially in the present case, 
where we are essentially interested in the magnitude of 
the power relations. 


Substituting (19) into (10), gives as the periodically 
varying power transfer or synchronizing power, 


P = 


E 2 . 

—- sm a. sin 2 (co* sin p <fi) 


( 20 ) 


where w 0 is the maximum amplitude of this oscillation. 

The average value of P during the half cycle of oscilla- 
tion may be represented by 

P 0 = avg. P 

E 2 1-cos 2 co„ 

= — smn --- 

2 2 co 0 

and as the duration 4 of one-half cycle of oscillation— 
urmg which the power transfer remains in the same 
direction—is given by half a cycle of that is, 

V <t> = 2 7 rpft 0 = ir 
1 


to = 


2p/ 


( 22 ) 


and the energy irans/er between the two machines or 

ZZ iZtr ^ ' 5aCh h,ilf CyCl ° ° f 

W 0 = to P 0 

E 2 

^pfcc 0 z sma ^ - c os2co.) (23) 


This is a maximum for 


TJ7 _ E 2 

yVm 7 " sin a 
irpf z 


o>o — 90 deg. = ^ , and then, 


(24) 
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Wm thus is the maximum energy which can be absorbed 
by the machine or group of machines, without being 
thrown out of synchronism. In other words, if a sudden 
demand greater than Wm is made on the machine, or if 
more energy than Wm is given by the steam supply to the 
machine or group of machines, after the load has been 
thrown off and before the steam has been cut off, the 
machine is thrown out of synchronism; otherwise it 
remains in synchronism and after an oscillation settles 
down again in phase. 

As seen from the equations, during each complete 
cycle of oscillation, of frequency, pf, the current twice 
rises and falls, thus reaching two maxima, and the power 
P twice reverses, so that the energy W flows one way 
during half the cycle, and in opposite direction during 
the other half cycle of oscillation. The frequency of the 
rise and fall of the current thus is 2 pf. 

Curves I and II in Fig. 13, show the current i and the 
voltage ei of the oscillation, for the (exaggerated)^value 
p = 0.1, and for co 0 = 45 deg. and w 0 = 90 deg. ij 

hi 

Non-Synchronous Drifting 

_ Q l Synchronous Oscillations 

Fig. 13 

It is interesting to note from equation (20) that the 
power transfer P reverses twice per cycle of oscillation 
(for pcj) = 0 and 180 deg.). If co 0 = 45 deg. or less, that 
is, 90 deg. or less maximum phase displacement during 
the oscillation, then the power P has two maxima at the 
maximum phase displacement midway between the 
reversal of power, as seen in Curve I of Fig. 14. If how¬ 
ever oo 0 >45 deg., that is, more than 90 deg. phase dis¬ 
placement, then the power transfer decreases again at 
maximum phase displacement midway ^between the 
reversals of power, and the power transfer has four 
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maxima, separated by two reversals and two minima, as 
seen by Curve II of Fig. 14; and finally at o) 0 = 90, 
(Curve III in Fig. 14), the power reaches four maxima 
and four zero values during each cycle of oscillation, but 
reverses only twice. That is, at the moment when the 
two alternators are in phase, the power transfer is zero, 
the power reverses, and the current is zero, and in phase 



Fig. 14 


with_th e voltage. With increasing phase displacement, 

rr'rnT nt r ease ’ the p ° wer *»*«>» 

um at 90 deg. phase displacement between the ma- 

voltege Wtf f °T nt iS 45 deg ' ° Ut ° f phase with the 
, . ’ urthei increase of phase displacement 

during the swing of oscillation, the power decreases 

oTpS’itLTuf.r deg ' phass »"S 

opposition, but the current continues to increase and 

reac es a maximum at phase opposition, with the phase 

ngle between voltage and current stendihr ; . 

to QD rloo- s current steadily increasing, 

. , g- ’ or zero Power, in phase opposition Then 

Without reversal of the flow of power the phase angle’ 

etween voltage and current again decreases, the current 
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decreases, but the power increases again in the same 
direction as before, to the second maximum in the same 
half cycle, at 90 deg. phase displacement, and then the 
power decreases again, to the reversal. Figs. 13 and 
14 well illustrate this. 

C. Slipping 

Consider now the case of two alternators, or groups of 
alternators such as stations sections, connected together 
while different from each other in frequency by 2 s; that 
is, one alternator has the frequency (1 — s)/, the other 
the frequency (1 + s)f } and the alternators thus are 
slipping past each other with the frequency 2 sf. 

We may again assume the alternators as of equal 
voltage, since a voltage difference merely superposes on 
the synchronizing energy current a reactive magnetizing 
current, without materially changing the energy rela¬ 
tions. 

The e.m.fs. of the two alternators then may be repre¬ 
sented by 

ei = e 0 cos (1 - s)<t>\ ( , 

e 2 = e 0 cos (1 + s)4>j ^ 

The resultant voltage in the circuit between the two 
alternators then is - 

e = ei — e 2 

= e 0 [cos (1 - s)cp — cos (1 + s)cp] 

= 2e 0 sin s<p sirup 

= 2 E V 2 sin s<p sirup (26) 

and its effective value 

E 0 = 2 E sin s<p (27) 

where E = effective value of generator e.m.f. 

Assuming now that $ is a small quantity (just as we 
assumed in section A , that p is a small quantity), that is, 
that the two alternators have nearly the same frequency . 
The change of sin scp then is slow compared with that of 
sin <p, and for all phenomena of the frequency /, sin S(p 
may be assumed as constant, and the reactance of the 
circuit may be assumed as the same, x = 2 w f L, for both 
component e.m.fs., e± and e 2} that is, for both frequencies 
(1 - s)f and (1 + s) /. 
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The interchange current between the alternators then is 
2 e 

i = sin s<j) sin (<j> — a) 
z 

— a/ ^ s i n s i n (0 — a;) (28) 

hence, the effective value is 
r 2 E . 

I = —— sm s<fi (29) 


where z = V r 2 + a; 2 

tan a = - 
r 

With regards to the e.m.f. of one of the alternators, for 
instance, e ly this current always lags. Its lag is 90 deg. 
when the current is a maximum. With the decrease of 
current, the lag decreases from 90 deg. in the one, and 
increases in the next beat, and approaches in-phase 
respectively in opposition, when the current is a mini¬ 
mum. The power factor thus varies from zero at 
maximum current, to unity at zero current, and its 
average thus is low. Fig. 13 shows in Curve III the 
relation of e x to i for the exaggerated value s = 0.09. 

The power of the one alternator then is given by 
Pi = ex i 
2 e 0 2 

= ~ sin scj) sin (<£ - a) cos (1 — $)0 
4 E 2 . J . 

z sm s< £ sm (st> — oc) cos (1— s)<j> (30) 

and that of the other alternator by 
P 2 = e 2 i 

4 E 2 . ' 

- __ sm scf) sin (</> — a) cos (1 +s)<j> (31) 

giVen by P ° Wer tmnsfer between the two alternators is 

2 P = Pi — Pi 

_ 8 E 2 , , 

z Sln S( r S ^ n (0 — cc) COS s<p COS0 


2 E 2 . 

z sin2s 0 [sin (20 — a) — sin a] (32) 


-Lne first term, with sin (2© — a) is .. > , , 

requency term representing the periodic^tomgn and 
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return of the energy during the half cycle of voltage and 
thus does not represent any power transfer, and the 
power transfer between the alternators is given by 

j 

P = — sin 2 s<j> sin a (33) 

Usually it is approximately, a = 90 deg., that is, the 
reactance is large compared with the resistance, and 
equation (33) then becomes 
E 2 

P = — sin 2 (34) 

During each cycle of the frequency sf , of the slip from 
synchronism or average frequency, the amplitude of the 
current i twice becomes zero and in phase, and twice 
reaches a maximum, when the alternators are in opposi¬ 
tion, and the power p reaches a maximum four times and 
becomes zero and reverses four times, twice when the 
current comes into phase with the e.m.f., when the cur¬ 
rent becomes zero, and twice when the current is a 
maximum, but in quadrature with the e.m.f. and the 
power becomes zero. The power transfer between the 
alternators thus reverses four times per complete cycle of 
slip, sf; that is, it is of the frequency 2 sf, with two 
positive and two negative maxima. 

The average value of the power is 


and as the duration of one-quarter cycle of slip is t* 
1 

~ 4 s f’ energy transfer between the two machine; 

during a quarter cycle of slip is 

w 1 2 

w = z — s ~ V 
4 5 / 7T 

E 2 

= 27777 sma 0*) 

There is a difference between the slipping of alternators 
past each other out of synchronism, and the oscillation 
of the alternators against each other at synchronism (A). 
In slipping, the power fluctuation and the reversal of the 
energy is of twice the frequency of the current fluctua¬ 
tion, while in the oscillation of the alternators against 
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each other at synchronism, the power fluctuation or 
reversal of energy flow is of the same frequency as the 
current fluctuation. 

If two alternators are connected together while out of 
synchronism, and slowly slip past each other, during each 
half cycle of slip, or beat, while the two machine e.m.fs. 
pass from in-phase, to in-opposition, to in-phase again a 
periodic energy transfer takes place. During one quarter 
cycle of slip (that is, while one alternator e.m f slips 
behind, the other pulls ahead of the mean frequency by 
one-quarter cycle, and the two alternators e.m.fs. thus 
slip against each other by one-half cycle), the alternators 
are partly in phase with each other, and the slower 
machine receives energy from the faster machine. The 
two machines are thereby brought nearer to each other 
in speed; pulled towards synchronism. During the next 
quarter-cycle of slip, however, the two alternators are 
partly in opposition, and the faster machine receives 
energy from the slower one. The faster machine then 
speeds up, the slower machine slows down, and the two 
machines pull apart again by the same amount by which 
they pulled together in the* preceding quarter cycle of 
slip (if their e.m.fs. are constant). Thus the two 
machines can pull into step only if the energy transferred 
during one-quarter cycle of slip, W, is larger than the 
energy required to speed up the momentum, that is, 
the kinetic energy M of the machine, to full synchronism. 

Due to the energy transfer W between the machines, 
lesultmg man alternate speeding up and slowing down, 

H '. 8 ip f. 18 not constant, but pulsates periodically! 
between the minimum value s - at the end of the 
quaiter cycle during which the machines pull together 
and beginning of the quarter cycle during which the 
machines pull apart, and a maximum value « + a t 
the end of the quarter cycle during which the machines 
pull apart, and beginning at the quarter cycle during 

tT ck ‘f it ma< t m< - S PUl1 to K«ther-where «, is the ampli- 

1 elk !m f* pubatM>n of sli P- A » tho energy required to 
acceluate the momentum M of the machine by the speed 

2 sj is 4 *, M, it follows that ' 


W = 4 si M 
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W 

or Sl= 4tf 

E 2 sin a 

Sl ~ Sir sfzM (37) 

is the amplitude of the speed fluctuation of the two alter¬ 
nators during the slipping past each other, out of 
synchronism with the slip s. 

sx — s gives as minimum slip, s — $i = 0, that is, the 
machines pull into synchronism. 

The maximum slip Si from which the two machines pull 
into synchronism with each other, is given by substi¬ 
tuting si = $ in (37) 


= E /_si 
2 2 7T 


irf z M 


s 0 thus is the limit of synchronizing power. 

As illustrations, Fig. 14, shows four curves of power 
and of current (effective value), the former in solid and 
the latter in dotted lines; for oscillation, coo = 30 deg., 
60 deg., 90 deg. and for slipping, I, II , III and IV. 

As seen, the single maximum power Curve I, with 
increasing swing of the oscillation becomes a double 
maximum with a minimum between the ma xim a, II, the 
minimum then decreases to zero, III, at the limits of 
synchronizing power, and the power curve then over¬ 
turns, IV; that is, the alternator, instead of swinging 
back into phase again, continues to slip and drops into 
phase again by skipping one cycle, etc., and thereby the 
power transfer curve doubles its frequency by one of 
the two lobes of III overturning, while the current curve 
remains the same, at the frequency of the beat or slip. 


D. Pulling in Step 

With the two machines out of synchronism with each 
other by a greater speed difference 2 s, than that from 
which the machines can pull each other into synchronism 
vithin one-quarter cycle of slip, from the equations of C 
it would follow, that the machines can never pull each 
other into synchronism, if the voltage E is constant, but 
must indefinitely continue to slip past each other, coming 
nearer together during one-quarter cycle of slip, and 
dropping apart again by the same amount during the 
next quarter cycle of slip. 
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This, however, is under the assumption that the 
machine e.m.f., E is constant. In reality, however, E 
is not constant, but varies periodically with the same 
frequency that the current fluctuates. The current in 
the circuit between the machines, and thus the armature 
reaction in the machine, varies in amplitude and in phase 
difference against the machine voltage, and the machine 
voltage varies with the amplitude and the phase of the 
armature reaction. 


Consider, as an approximation, the armature reaction 
as proportional to the quadrature component of the cur¬ 
rent. The e.m.f. of the machine would then he expressed 
by an approximate equation of the form: 

E' = E [l — c sin s<j> sin 5] ( 39 ) 

where c is a constant and 8 is the phase angle between 
the current and the e.m.f. and s<£ represents the amp¬ 
litude of the current pulsation, by (29) thus sin s <!> 
sm represents the quadrature component of ( he arm¬ 
ature current. 

We have, however, from (25) and (29) 


= s(f> - a + 90° 

thus E' = E {l + c sin s<p cos (,s-<p — a )} (40) 

Substituting (40) into the expression of the power of 
the alternator (33), the equations still remain alternating 
tnat is, there is no resultant synchronizing power but 
equal positive and negative values of power alternate, 
owever, (40) assumes that the magnetizing effect of 
ie armature reaction is instantaneous, that is, that the 
_ ■ E at any moment is the value corresponding to 

the armature reaction existing at, this moment. This 
lowever, is not the case, and the armature reaction is not 
instantaneous, but requires an appreciable time several 

Sn^effect 0 of V tb 0P ’ and the magnel: ' izi "K or demagnet- 
izm effect of the armature reaction on the vo j 

therefore materially lags behind the armature reaction 
e cr angle of lag of the voltage change* behind (lie 
armature reaction which causes it. Then 

E' = E {l+c sin s<j> cos (a 0 - a- a)} f41 , 

<*»- . .. ..* 
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P = 


E 2 


sin 2 s<£ sina{ 1 + c sin s</> cos (s 0 — a ~cr)} : 


or approximately, considering c as a small quantity, 

„ E 2 . o , . , 2 c # 2 . . , . . , 

r = — sm 2 s<p sma 4 -sm 2 s<p sm a sm cos 

2 2 


(s<£ — a — <r) 
E 2 


(42) 


The first term, sin 2 sin a;, is the slowly alternating 


energy transfer between the machines, discussed in 
section C, which causes their speed to fluctuate, but does 
not permanently bring them nearer to each other; that is, 
exerts no synchronizing power unless, during these speed 
fluctuations they reach complete synchronism and then 
fall into step. 

The second term, 


2 c E 2 

pi _ --sin 2 $</> since sin s<fi cos (s<p — a — a) 

z 

c E* . 

= -j- sm 2 s(j) since [sin (a + <t) + sin (2 s<f> - a - cr)] 

c E 2 . c E 2 

= —— sin 2 s cj> sin a sin (a + cr) + yy sin [cos 

(4 s<£ — a — a) + cos (a + cr)] 

c E 2 . . c 

= “ sm 2 s </> sin a sin (a + cr) + —- • sin a cos 


2 2 


c # 2 . 


(4 S(j> a — cr) + —— since cos (a + cr) 

2 Z 


(43) 


The first two terms also are slowly alternating, at 
double and quadruple frequency of slip, as they contain 
terms with 2 s<j> and 4 s<fi and thus represent no continu- 
ous power transfer; the third term, however, 


Po = 


cE 2 . 

sma cos (a + cr) 


(44) 


is constant, that is, represents a continuous synchroniz¬ 
ing power. 

If a = 90 deg., that is, the resistance is negligible 
compared with the reactance, it is, 

p cE* . 

p ° = Y~z sm * (45) 


If thus two alternators or station sections are consider¬ 
ably out of synchronizm with each other, they continue 


1920 ] 


CHARLES P. STEIN METZ 


1243 


slipping past each other, with large fluctuating currents 
flowing between them, and the speeds of the machines 
fluctuating wi|h the fluctuations of the current. These 
currents do not decrease in amplitude, but remain of 
practically constant value, but their period of fluctuation 
gradually gets slower, that is, the fluctuation gradually 
becomes slower, while currents slowly pull the machines 
nearer into synchronism with each other, or decrease 
their frequency difference, until the critical frequency 
2 s 0 is reached (where the acceleration during a quarter- 
cycle of slip, 2 si, reaches full synchronism). Then the 
machines suddenly drop into synchronism, but oscillate 
in phase against each other, with an approximately con¬ 
stant frequency of oscillation, but with a current fluctua¬ 
tion, which steadily (and usually rapidly) decreases, 
until steady conditions of speed, current and voltage are 
reached. 

The armature reaction of the alternator is repre¬ 
sented by the difference of the synchronous reactance x 0 
and the true reactance x u that is, by an effective react¬ 
ance of armature reaction. 


. coe: ®cient c in the synchronizing power, P 0 (44) 
is t at fraction of the reactance of the armature reaction 
* 7 hlch a PPears during the short time of the current 
fluctuation. Thus c is the larger, the slower the fluctua- 
n, at is, the less 5 . In other words, c increases with 
ecreasmg slip, or, increasing approach to synchronism, 
aversely since <j is a maximum and practically 90 deg 
for large values of s, where the voltage fluctuation lags 

reaction Indd^' bebmd ?! fluctuation of armature 
i nTlnnrnTh Wlth basing a, that is, increas¬ 

ing approach to synchronism, c sin and thus the syn- 

moXmte g shDr er should be a maximum at some 

slips “ CreaSe f ° r largeras wel1 smaller 

Assuming that it takes t Q seconds for the field to build 

enrrentTZZtingZ^ tSqueney ’ and ^ ^ 
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c 


and sin a 


thus P 0 = 

However, secondary effects occur and more or less 
modify the value P 0 , such as the effect of secondary cur¬ 
rents, induced in the field structure by that component of 
the armature current which is due to the e.m.f. of the 
other machine, and which gives an induction motor 
torque, tending to pull the machines together into 
synchronism. 



E. Equations 

^ = V r 2 + x 2 = total impedance of circuit between 

x 

alternators, tana = — 
r 

co = phase angle between alternator e.m.fs. 
pf = frequency of oscillation. 
sf = frequency of slipping. 


A. Continuous B. Ocsillation in 

Power Synchronism 

Transfer 


C. & D. Slipping 
Out of 
Synchronism 


Alternator e. m. fs. 

ei = eo cos (<p — oo) 
ei ~ eo cos (<!> -f &>) 



Resultant e. m. fs. 

e = 2 e sin oo sin 
Eff. Eo. — 2 E sin o) 
Resultant Current 


2 eo 


sin co sin (9 — a ) 9 


eo cos O — oo) 
eo cos (+ a) 

e 0 


V2 


2 e sin eo sin <p 
2 E sin 03 


—- sin 40 sin (<f> — a) 
z 


2 E . 2 E . 

=-sin co -sm co 

Z z 


eo cos (1 - 5 ) ^ 
eo cos (1 + s) <f> 

eo 


V'2 


2 e sin s <t> sin <j> 
2 E sin s <f> 


2 eo 


sin s 


4 > sin (<A - a) 

2 E . 

-sm s 4> 


Eff. I 
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Continuous Power Transfer 

d E* . n . 

“o = — sin 2 w sm a 
2 


Low Frequency Power Fluctuation 
V = 

Low Frequency Energy Transfer 
W = 


cE 2 . , , , 

~x — sm a cos (a-her) 

JU z 


E 2 . . E* . „ , . 

sin. 2 a> 0 sm a —sin 2 s d> sma 
z z 


Attenuation 


E 2 . 1 — cos 2 co rt F 2 

— sm a — --- 0 —±L _ 

Z 4: p f C0 0 2 TT sf Z 


sin a 


co = 


Pulsation of Slip 

Si = 

Critical Slip 
= 

Pulsation of Armature Reaction 
c = 

Lag of Armature Reaction 
sin a = 


co 0 sin p <j> 

= oo 00 6'°* sin p 


E 2 sin a 
87 rsfzM 

E_ /_si. 

2 ^ 2 ^ 


sm a. 


fzM 


4sft 0 


V 1 — c 2 


It is interesting to note that the limit case of W, in B 

for ~ and in C, for 5 = s a , must coincide. W B = 
2 W c . This gives, 

/ g sing I= cos2 ^ / / i ? 2 


/ * 


hence p = s L 
and, substituting for 5 , 


4pfc*i 2 /oj q ~f J 2irsfz 


sm a 


/s**SQ 


V 


=H 


sin a 


i^TTfzM 
is the frequency of oscillation. 
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III. DISCUSSION OF E.m.fs. 

The foremost difficulty and uncertainty in the appli¬ 
cation of the preceding equations is found in the selection 
of the proper values of the machine e.m.f E. E is not 
the terminal voltage; by slipping past each other without 
external impedance, the terminal voltage of the alterna¬ 
tors goes down to zero. Neither is E the “nominal 
induced voltage,” as this has no actual existence, but is 
the voltage which would be induced by the field excita¬ 
tion if the saturation curve of the machine continued as a 
straight line. It appears to me that E must be considered 
as the “true induced voltage,” or actual induced voltage, 
that is, the voltage induced by the actual field flux, or the 
field flux due to the resultant field excitation and arma¬ 
ture reaction. The armature reaction, however, fluctu¬ 
ates with the current between zero and a maximum, 
while the actual field flux often may be assumed as prac¬ 
tically constant, since the magnetic field cannot follow 
the relatively rapid fluctuations of armature reaction. 

The magnetic effect of the armature reaction is repre¬ 
sented electrically in the synchronous reactance x 0 . The 
synchronous reactance thus consists of a true self- 
inductive reactance Xi, which is instantaneous, and an 
effective reactance of armature reaction x 2 , which requires 
appreciable time to develop, and does not correspond to 
any real magnetic flux. 

Xo = X! + x 2 

In turbo-alternators, x 2 usually is very much larger 
than Xi. 

Electrically, the actual induced e.m.f. thus should be 
the nominal induced voltage e 0 , which corresponds to the 
field excitation, less the reactance drop of the average 
current in the effective reactance of armature reac¬ 
tion, x 2 . 

If then/ = maximum effective value of the fluctuating 
current, then average current is and the actual induced 

A 
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However, in two alternators connected together out of 
synchronism, through an additional reactance 
2E = I (2 Xl + x) 

where x is the additional reactance through which the 
alternators of actual induced voltage E and true self- 
inductive reactance Xi are connected together, while 
running out of synchronism with each other. 

From these two equations it follows that: 

Maximum (effective) value of the fluctuating inter¬ 
change current, 

j _ _ 2cp _ 

2 Xi 4- + x (47) 


2 X\ -f- X 2 + x ( 47, 

and, actual induced voltage, 

E = P 2 x i + x 

° 2 Xi+Xi + x ( 48 ) 

where e 0 = nominal induced voltage, effective value, 
the alternators are connected through an inpedanee 

2 , z takes the place of x, combining vectorily with x 
and X 2 ‘ 

In this calculation, the armature reaction has been 
assumed as demagnetizing, and the impedance voltage 
therefore subtracted from the nominal induced voltage 
This appears correct, as the interchange current between 
the alternators out of synchronism with each other is 
a Iaggmg current throughout, as illustrated 

nh L t t e + t W ° f e T tOIS are in s y nch ™nism ; but out of 
it“ " ty “ ma,dmum pha « -^placement 

. 2 E sin u 0 = / (2 Xx + x) 

Stag g “” aSSUmi, * g ‘ he armature as demagnet- 

E = e B - ±*L 

»ch^ e c« m (effeCUVe) 

I = 2 e„ sin 

fln j a , ... 2 xi + x + x-x sin w 0 (49) 

and, actual induced voltage is, 

E = e 0 _ + x 

, . 2 x x + x + x 2 sin o>„ ( 50 ) 

where ,s the nominal induced voltage, effective value. 
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However, in this case of alternators in synchronism 
but oscillating against each other, at least for small and 
moderate values of co 0 the interchange current I is essen¬ 
tially an energy current with regards to the machine 
voltage, and the reactive component of this current 
alternately changes between lag and lead, that is, be¬ 
tween demagnetizing and magnetizing. Therefore, the 
correctness is doubtful of subtracting the impedance 
voltage from the nominal induced voltage to get the 
induced voltage, but it would be 

E = V e 0 2 — i 2 x 2 2 

and as i varies between O and I, the average E would be 
the mean between e 0 and V e 0 2 — P xp. Thus, combin¬ 
ing with the equation, 

2 E sin co 0 = I (2 X\ + x) 


gives 


2 e 0 (2 xi + x) sin 00 0 
(2 Xi + x) 2 + x 2 2 sin^co* 


(51) 


E = 6 _ _ (52) 

0 (2 x x + x) 2 + X 2 2 sin 2 w„ ' 

It is probable that the true value of E lies between 
(50) and (52), but nearer to (52). 

Substituting these values (48), (50), (52) into the equa¬ 
tions of A, B, and C, and substituting z — 2 x, + x in 
these equations, as the impedance of the circuit between 
the two'alternators, gives the equations referred to the 


nominal induced voltage, e 0 , that is, the field excitation. 

The nominal induced e.m.f.,e„, is derived by combining 
the terminal voltage e with iz, where z is the total imped¬ 
ance inside of the terminals, true reactance as well as 


effective reactance of armature reaction. For non- 


inductive load—and synchronous machine load may be 
assumed as approximately non-inductive—this gives, 


e 0 = V e 2 -j- (i x ) 2 


- e V 1 + £ 2 ( 53 ) 

where f is the percentage reactance, and the resistance is 
neglected as small compared with the reactance. 

However, this expression neglects the change of 
reactance with increase of magnetic saturation, increase 
of magnetic leakage between field poles, etc., and there- 
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fore, especially in turbo-alternators with their enormous 
magnetic fields, high saturation and high field leakage, 
this expression is not very accurate, and is reasonably 
reliable only in the mean range of current and voltage. 

In C and D , the case of two alternators or groups of 
alternators out of synchronism with each other, the 
equations of synchronizing power, energy and critical 
slip: p, p 0 W, s 0 contain the term 
2 Xi + x 
{ 2 xi + x + x 2 ) 2 

thus are a maximum, if this term is a maximum. This 
is the case if x 2 = 2 x x + x 

or x = X2 — 2 xj. ^ ( 54 ) 

The synchronizing power between alternators out of 
synchronism with each other is a maximum, and the 
frequency difference from which they pull each other 
into synchronism, is greatest, if the alternators or groups 
of alternators are connected together through a react¬ 
ance which is equal to the effective reactance of arma¬ 
ture reaction, less twice the self-inductive reactance of 
the circuit between the alternators or groups of alter¬ 
nators. With two alternators or groups of alternators 
connected together without any external reactance this 
means if the self-inductive reactance of the alternators 
or groups of alternators is one-third the synchronous 
reactance. With turbo-alternators, the self-inductive 
reactance usually is much less, and with such machines 
e synchronizing power is increased by the insertion 
01 external reactance. 

Substituting the above relation into the equations of 

. and D ’ glves as the expression for the case of max- 
imum synchronizing power: 


Actual machine e.in.f.: 

Resultant e.m.f.: 

Resultant current: 

Power fluctuation of low 
frequency: 

Energy transfer of low 
frequency: 


E = i* 

2 

E 0 = e 0 sin $ <j> 

I — e ° s ' m s & 
x 2 

p ^ e 0 2 sin 2 <j> sing 
4 x 2 


w ~ 8777^ sin a 
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Continuous power transfer: P 0 = — e ° 2 s * na;CQS ( a + g) 

8 x 2 

Critical slip: So = - — e ° 

4 V 2 7r / x 2 M 

IV. FEEDER REACTORS 
A. Genekal 

Economy in cost and space makes it desirable to use 
the smallest feeder reactor which isreasonably safe, the 
more so as the number of feeder reactors required to 
protect every feeder going out from the generating sta¬ 
tion is usually much larger than that of the generator 
and busbar reactors. 

Any reactance inserted into the system increases the 
reactive lagging volt-amperes and therefore, if the load 
on the system is lagging, lowers the power factor, the 
more, the greater the reactance of the feeder reactor. 
In 25-cycle systems, this is of no moment, as the load 
usually is almost exclusively synchronous machines, 
equally operative with leading as with lagging current, 
so. that even with large values of feeder reactance, the 
system operates at unity power. In 60-cycle systems, 
however, a considerable part of the system usually 
comprises induction machines and other apparatus which 
produce lagging current; the power factor thus is below 
unity, lagging, and much additional reactance is there¬ 
fore undesirable. An at least approximate investi¬ 
gation of the relations between the size of the feeder 
reactance and the disturbance in the generating station 
caused by a short circuit at the generating end of the 
feeder is thus desirable. 

The function of a feeder reactor is three-fold: 

(1) It reduces the short-circuit current on the gen¬ 
erating station in case of a breakdown of the feeder 
near the generating station, and thereby reduces the 
shock on the system. 

(2) It permits setting the feeder circuit breakers for 
a much shorter time of opening, due to the lesser short- 
circuit current which they have to open, and thereby 
reduces the time during which the system is exposed to 
the short-circuit stresses. 
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(3) It keeps at least partial voltage on the busbars 
of the generating station during the feeder short circuit, 
and thereby reduces the liability of the generators, sta¬ 
tions and substations falling out of synchronism with 
each other. 


Without a power-limiting reactor in the feeder, a 
short circuit in the feeder near the generating station 
which is much more liable to occur than a short cir¬ 
cuit on the busbars—is practically a short circuit at 
the busbars. The short-circuit current thus is the max¬ 
imum which the generators can give, and its momentary 
or initial value (about 8 times the final value, with the 
usual amount of generator reactors) is so great as to 
make it necessary to set the circuit breakers for a con¬ 
siderable time limit so as to allow the momentary 
excess current to die out. During the short circuit; the 
busbar voltage is zero or practically so, thus there is no 
synchronizing power between the generators of the af¬ 
fected station section, between this station section and 
the other station sections, and between the synchronous 
converters of the substations fed by the affected gen¬ 
erating station sections, and as due to the time limit 
of the circuit breakers the short circuit lasts an ap¬ 
preciable time, it is probable that during the short 
circuit the synchronous machines in the substations, 
and the generators have drifted out of step with each 
other so much, that at the opening of the short circuit 
they do not catch into synchronism any more, and a 

8 '!! r n ° f a l ,art of the system results. 

At the moment where a short circuit begins, the alter¬ 
nator field and thus the machine voltage still has full 
value, and the inductive short-circuit current thus is 
limited by the true, self-inductive reactance only the 
external and internal reactance of the generators, and t he 
reactance of the feeder reactor, where such is used. At 
the moment when the short circuit begins, the busbar 
votage drops from its normal previous value to zero, if 
no feeder reactor is used, or to the reactance voltage of 

fLr t T t<)r T hr th< ' nn>mmUlr y short,-eireuit 
current, which may ho a considerable part of the normal 

■ usb?u ' vol tii«e. If then the short circuit could be opened 
instantly before the alternator field can build down under 
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the demagnetizing action of the inductive short-circuit 
current, the busbar voltage would recover instantly, to 
its previous value. If however the short circuit lasts any 
appreciable time, the alternator fields gradually—and 
rather rapidly—build down; the machine e.m.f. and the 
short-circuit current decrease (and the busbar voltage, 
with feeder reactor; without feeder reactor the busbar 
voltage is zero, as stated). If now the short circuit is 
opened, the busbar voltage does not instantly recover, 
but jumps up only to the value corresponding to the then 
prevailing field flux, and then only gradually—and rather 
slowly—recovers by the field flux again building up under 
the effect of the exciter voltage. 

In turbo-alternators, the rate is very high; at which 
the machine fields build down under dead short circuit 
and thus the busbar voltage decreases which appears at 
the moment of opening the short circuit that is, the field 
is demagnetized in about half a second, so that with the 
delayed opening of the circuit breakers, the field has prac¬ 
tically been demagnetized before the short circuit is 
opened; but the rate at which the voltage of the machine 
recovers after the opening of the short circuit, is rather 
slow; from three to five seconds or more (depending on 
the existing field exciting current and thus on the load 
previously on the machine. 

With a power-limiting feeder reactor however, of a 
reactance which though small with regard to the rating 
of the feeder, is considerable compared with the reactance 
of the generating station (internal and external generator 
reactances), the rate of demagnetization of the field flux 
is greatly slowed down, due to the lesser demagnetizing 
action of the smaller short-circuit current; that is, the 
time required for the demagnetization of the machine 
field is of the magnitude of one and a half seconds. It is 
t e larger, the higher the feeder reactance and the greater 
the number of generators connected to the busbars; it is 
smaller with lower feeder reactance and fewer generators 
on the busbars. If then the circuit breakers can be 
adjusted to open quicker, which appears feasible at the 
lesser short-circuit current, most of the field flux will still 
be there at the opening of the short circuit, and the volt¬ 
age thus would, at the opening of the short circuit, jump 
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back to nearer full value. Considering that even during 
the short circuit of the feeder cable, considerable voltage 
remains on the busbars, and that the duration of the 
short-circuit period is greatly reduced by the permissible 
quicker opening of the circuit breakers, it appears feas¬ 
ible, with a .moderate value of feeder reactance, to limit the 
voltage drop and its duration in the affected station so 
that all or at least most of the synchronous apparatus on 
this station section will remain in step. 


B. Armature and Field Transients of 
Synchronous Machines 


1. If p = number of poles 

n 0 — number of field turns per pole 
^00 == exciting current at no load, and 
&o — magnetic flux per pole 

then p n 0 & 0 is the total number of interlinkages, and 

V n 0 j>g 

IqO 


the flux interlinkages per unit current; that is, the induc¬ 
tance of the field circuit in standard units, 



Vo n 0 $o 



10~ 8 A. 


( 55 ) 


is the inductance of the field. 

If e Q is the voltage of -the exciting current and i 0 the 
(permanent) field current, the resistance of the field 
circuit is, 


- v = 17 (56) 

this is the total resistance, field winding as well as external 
rheostat, etc., as both have the same action in the field 
.transient. The duration of the field transient then is, 

4 ( 57 ) 


t = — 

vfin; — 


°r, a 0 = — = attenuation constant, and 
L 00 1 

ii = I 0 €~ a °‘ 

E = E 0 e a °‘ 


( 58 ) 


( 56 ) 


is the field discharge, or the transient by which the field 
current and thus the field magnetism and the induced 
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voltage decrease on withdrawal of the exciting e.m.f., and 
H = to (1 ~ € ^ 

E = E 0 (l - e -^) ( 60 ) 

is the charging transient of the field or the starting cur¬ 
rent of the field; that is, the transient by which field cur¬ 
rent and field magnetism and thus the induced voltage 
rises on the application of the exciting voltage, or recov¬ 
ers after the demagnetizing action of an excessive lagging 
current, such as a short circuit. 

2. On inductive load, the armature current of an 
alternator demagnetizes, and to give the same field flux, 
the field exciting current thus has to be increased to 
counteract the demagnetizing armature reaction. 

In a three-phase alternator, if n = number of armature 
series turns per pole per phase and I = armature current 
per phase (effective), the armature reaction per pole is, 

F = 1.5 -yj 2 nl ampere turns. 

and 


u 0 % — 1.5 V 2 ?i I 
thus gives the field current 

~ n 

i == 1.5V2 I 
n n 


vhere c — 1.5 V 2 (fi2) 

is the reduction factor from armature to field. 

inlwth-fln 7 exciting current > and an additional 
keen amperes is put on the alternator, to 

the fieM Same + magnetic flux and thus the same voltage, 
+ d j eXCltmS CUrrent has t0 be ^creased from t 0 

diit™ution S r n0t n 0nSi t r the Change of the magnetic flux 
rent 7 s! X ?? g fl '° m the indu ^tive armature cur- 
increase of sat, e . mCreaSe ° f leaka « e flux > corresponding 
greater incress Whlch requires a somewhat 

g eater increase of field excitation. That is c is some- 

w at greater than given by equation (62).] 

excitation f° produced b T the no load field 

°°‘ An mdue tive load of current I requires an 
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increase of the field excitation c I. This additional field 
current cl would produce (assuming straight line sat¬ 
uration curve, that is below saturation) a voltage 




or 


x 2 = 


x 2 — 


( 63 ) 


& = 


( 64 ) 


thus gives an apparent internal reactance of the machine 

E* 

I 

c E„ 

^00 

This is the effective or equivalent reactance of arma¬ 
ture reaction. It is not a true reactance, and differs 
from the true self inductive reactance, that the latter 
is instantaneous, while the effective reactance of arma¬ 
ture reaction, x 2 , requires some time to develop. 

Or, if I 0 = full load or rated armature current, the 
effective reactance of armature reaction, given as a 
fraction (or in per cent), is 

■fa Jo = c/„ 

Eo % 00 

that is, the ratio of the field equivalent of the arma- 
ture current, c /„, to the no load field current i ao , is the 
effective reactance of armature reaction, as a fraction. 
Substituting (62) into (63) gives: 

E q 

?h> 1‘oo 

E„ 

'~p~ (65) 

where I< 0 are the no load field ampere turns per pole, 
which give the voltage E„. 

4. Let E 0 = voltage and i n = field exciting current 
of an alternator. Let then an inductive load of current 
° be suddenly thrown on the alternator, for instance 
by a short circuit beyond a feeder reactance, or on the 
busbars. If then the reactance (true self-inductive 
lcactanee) of the circuit of this inductive load is r, the 
current is ’ ’ 

E„ 

fi 

f his current I 0 however, demagnetizes with the field 
equivalent c /„ and the magnetic field flux of the m&- 


x 2 


= 1.5 V2 n- 
= 1.5 V2n 


/ . 

4 o 


( 66 ) 
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chine, and thus the voltage must therefore decrease. 
The field flux, however, cannot change instantly, as in 
changing it induces a voltage and therefore produces a 
current in the field circuit, which opposes the change. 
That is, the field flux begins to decrease at such a rate 
as to induce in the first moment a voltage in the field 
winding, increasing the field current by c I 0 , the field 
equivalent of the armature current. 

That is, in the moment when the inductive load cur¬ 
rent I 0 is thrown on the alternator armature, the alter¬ 
nator field current jumps from i 0 to i 0 + cl 0 . 

As, however, the exciting voltage e Q can maintain 
only the current i 0 in the field circuit, the momentary 
excess field current i 0 + cl 0 gradually decreases, down 
to the permanent value i 0 , and with it decreases the field 
flux and the voltage of the machine, from the initial 
values $ 0 respectively E 0J to the final values, 

’ ir+n: *• - 4 4 * 


and Ei = 


% + c I 0 


E 0 = bE 0 


( 68 ) 


and with it decreases the current, from the initial value 
Io, to: 


where 


/i = 

b = 


i 0 + c I 0 
io 


L 


= bl 0 


i 0 + c I 0 


( 69 ) 

( 70 ) 


At the first moment the field flux is still * e , the field 
exciting current however, is i 0 + c I 0 . 

. fl ux and no load field exciting current % 0O 
give the field inductance L 0 . Field and field exciting; 
current i 0 + cl 0 thus give an apparent or equivalent 
or effective field inductance: 


L = 


z L - b - L - 


( 71 ) 


where b 0 =- -22 - 

lo + cl 0 


( 72 ) 


at is, when throwing an inductive load on an alter¬ 
nator, field flux and voltage decrease by the demagnetiz¬ 
ing armature reaction, and during the field transient, the 
mutual inductance of the armature current on the field 
reduces the field self-inductance from the true self- 


1920] 


CHARLES P. STEINMETZ 


1257 


inductance L 0 to an apparent or effective inductance 
E b 0 Lq. 

As the resistance of the field circuit remains the 
same, the duration of the transient resulting from a 
sudden inductive load, such as a short circuit, is given by, 



bo tot 


and the attenuation constant is: 


a 




( 73 ) 

( 74 ) 


and the equations of the transient thus are as follows: 
The armature current, changing from 



to h = b I Q 


is 1 = h+ (I. - 70 <f“ 
or I = I 0 {6 + (l — 6) 
and the voltage then is 


( 75 ) 

( 76 ) 


E = Xl I ( 77 ) 

and, if of the reactance x 1} the part x is external, — x 
internal in the machine or station, the terminal voltage 


is 


E = xl 


5. Equations and Notations. 
r 0 = resistance of exciting circuit ' 

= ohms 
2 0 

e 0 = exciter voltage 
i 0o = field current at no load 
i 0 = field current at full load 
L 0 — true inductance of field exciting circuit. 


V = number of poles 
n ° ~ number of field turns per pole 


( 78 ) 


( 56 ) 


( 55 ) 
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$o — magnetic flux per field pole, produced by exciting 
current i 00 

t 00 = duration of field transient 

= L 0 . 

r 0 ( 57 ) 

= attenuation constant of field transient 

= - ( 58 ) 
E = # 0 e" aoi 

= field discharge transient ( 59 ) 

E = E 0 (l - e' aot ) ■ 

= starting transient of field (60) 

a — total self inductive reactance of alternator circuit 
r — external part of this reactance 
o = machine voltage before closing the circuit on 
reactance x x 

o = initial (or momentary maximum) value of the 
current in reactance x x (effective value) 

= -~£_ 

x x (66) 

l — final (or permanent) value of current 

= _ h \ (69) 

~ (7o) 

= 1.5 V2~ 
n 0 

= reduction factor from armature to field circuit, 
number of series armature turns per pole per 
phase. 

I* J ° ^ + ( J - V) e~ at ] = /i + (/„-/!) e -“ (75) ( 76 ) 

- armature transient. ; 

- equivalent attenuation constant of transient 

~ 4 (74) 


4 + C / 

: total voltage 

Xi I 

: terminal voltage 
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; 6. From these equations, and the numerical con¬ 
stants of the alternators, it is possible to calculate the 
action of short circuit or similar disturbance on the 
system, and the effect thereon of the reactance of the 
feeder reactor, by calculating, and plotting with the time 
as abscissas, the transients of induced voltage, current 
and terminal voltage resulting from the application of a 
short circuit. This gives for the moment of the opening 
of the circuit breaker the values of current, terminal 
voltage and induced voltage, and from the latter the 
value of the terminal voltage immediately after the 
moment of the opening of the circuit breaker. Calcu¬ 
lating then, and plotting, with the latter as initial 
values, the field transient, gives the voltage recovery 
curve of the system. From the drop of voltage, and its 
duration, can be estimated whether any synchronous 
apparatus such as converters, operated from the' affected 
generating station, are liable to be thrown out of syn¬ 
chronism, and whether by the voltage drop the synchro¬ 
nizing power of the station against other stations tied to 
it by busbar reactors is sufficiently lowered to fail to keep 
in step, and whether in this case the duration of the 
voltage drop is sufficient for the machines or stations to 
drift far enough apart so that at the voltage recovery 
they are not able to pull each other into step. 


C. Numerical Calculations 
The constants of some typical steam turbine alterna¬ 
tors of large size, three-phase machines of 25 and 60 
cycles, are given in the following Table I. 

Considering now as a numerical instance the effect of a 
feeder short circuit close to the busbars, on a 25-cycle, 
9000-volt generating station of 60,000 kw. steam turbine 
alternator capacity, without and with feeder reactors 
assuming that the short circuit is opened after one second’ 
Assuming as fair average an equivalent effective react¬ 
ance of armature reaction of 85 per cent; a true self- 
inductive internal reactance of the alternators of 6 8 per 
cent, and an external reactance, as power-limiting gen¬ 
erator reactor, of 6 per cent.* 


*A reactance of « per cent means n per cent of the value of ^ ted 

rated current. 









TABLE I. CONSTANTS OF THREE-PHASE STEAM TURBINE ALTERNATORS 
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30,000 

1800 

190 

4 

12,000 

1600 3 

130 

15 

115 

25 

95 

235 

368 

230 

117.5 

6 

.134 

1.90 

.98 

20,000 

1200 

310 

6 

12,000 

1200 1 

73 

13 

60 

15 

84 

286 

367 

230 

95.5 

5 

.126 

1.80 

.806 

20,000 

720 

258 

10 

12,000 

1200i 

125 

9 

116 

16 

36 

348 

517 

125 

68 

4 

.236 

.703 

.36 

14,000 

720 

220 

10 

12,000 

9002 

74 

9 

65 

(M a lO CO >« 00 ^ _ v 

- “gSS" £ § 1 

J N CD CO 

.12,500 

1800 

97 

4 

12,000 

750i 

120 

12 

108 

31 

150 

122 

190 

125 

71.5 

10 

.141 

3.53 

1.02 

35,000 

1500 

204 

2 

9000 

2250 

147 

11 4 

135.6 

28 

243 

185 

320 

250 

252 

12 

.105 

6.62 

1.35 

30,000 

1500 

262 

2 

9000 

1925 

108 

9.0 

99 

6.25 

24 

198 

226 

335 

250 

276 

12 

.129 

4.84 

1.11 

20,000 

750 

233 

4 

9000 

1280 

129 

6.8 

122.2 

■ 4.13 

29 

78 

328 

522 

125 

137.5 

10 

.271 

1.30 

.385 

14,000 

750 

200 

4 

9000 

900 

85 

4.6 

80.4 

6 

22 

96 

307 

388 

125 

135 

10 

.221 

1.69 

.408 

12,000 

750 

150 

4 

9000 

770 

89 

5.4 

83.6 

6 

21 

95 

250 

333 

125 

111 

12 

.268 

1.69 

.5 


a 
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Let the duration of the field transient (full-load condi¬ 
tion) be t 00 = 4.51 sec., and the field attenuation con¬ 
stant thus a 0 — 0.222 

The field transient then is given by 

e = ei + (e 0 ‘ — e x ) e a ° (79) 

where e 0 = voltage of the machine at the moment t = o , 
for instance, initial voltage in the moment when a short 
circuit has been opened. 

e x = machine voltage corresponding to the exciter 
voltage impressed upon the machine, that is, final voltage 
of the machine. 

Consider the three cases: 

a. No feeder reactor, thus dead short circuit on the 

busbars. 

b. A feeder reactor of 0.5 ohms per phase, or 2.9 

times the true reactance of the generating sta¬ 
tion, or 37 per cent. 

c. A feeder reactor of 0.7 ohms per phase, or 4.05 

times the true reactance of the generating sta¬ 
tion, or 52 per cent. 

1. With 12.8 per cent self-inductive reactance, the 
momentary or initial short-circuit current, as a fraction 
of the rated current of the station, is given by 



From the machine constants, it follows that 
b = 0.172 
b 0 = 0.129 

Thus, final short-circuit current, as a fraction of rated 
current is 

ii ~ bi 0 — 1.34 

and, duration of the short-circuit transient is 
to = bo too = -582 sec. ^ - 
Thus, attenuation constant is 

a = L = 1.72 
to 

and, equation of the short-circuit current transient, 
i — i\ + (i 0 — ii) e at 
= 1.34 + 6.46 e" 1 * 72 * (80) 

This current is plotted in Fig. 15, in dotted lines, as i\> 
Proportional hereto is the induced generator voltage, 
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which is given, as a fraction of the induced voltage imme¬ 
diately before the short circuit, by the transient, 
e = b + (1 - b) e~ aJ 
= 0.172 + 0.828 e~ 1J2t (81) 

plotted as curve e\ in Fig. 15. 

The terminal voltage is zero during the short circuit; 
at one second, with the opening of the short circuit, the 



Fig. 15 


terminal voltage jumps back to the same fraction of the 
terminal voltage before the short circuit, to which the 
induced voltage has dropped, that is, to the point D ± of 
curve eij 32.2 per cent of the previous terminal voltage.* 

From this point, of 32.2 per cent voltage at one second, 
the voltage now gradually recovers on the field transient, 
equation (73) 

for e x = 1: e 0 = 0.322: a 0 = 0.222, thus, 
e° = 1 - 0.678 e Q ' 222t 

During the short circuit, the terminal voltage thus 
traverses the values of A, B u C±, D lf Fx in Fig. 15. As 
seen, the voltage recovery is very slow, and it is not prob¬ 
able that any synchronous apparatus will remain in step. 

The short-circuit current after one second—which 


* Assuming that the conditions of the .external load have not 
materially changed or have no material effect, which latter may be 
assumed approximately, since the short-circuit currents are very 
large compared with the normal load currents. 
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the circuit breaker has to open—is 2.5 times the rated 
current, or 150,000 kv-a. 

2. With 12.8 per cent self-inductive generator react¬ 
ance, and 37 per cent feeder reactance, the total reactance 
is 49 per cent, the initial short-circuit current is thus. 


In this case, 

b = 0.446 
b 0 = 0.335 

Thus, final short-circuit current is 

ii — ii 0 — 0.894 

duration of short-eircuit transient, 

to = Moo = 1-51 sec. 
attenuation constant, 

a == -1 = 0.662 
t 0 

short-circuit current transient, 

i = .894 + 1.107 e' 662 ' 


and induced voltage, 

e = 0.446 + 0.554 e 662t 

The terminal voltage during the short circuit now is not 
zero, but is the same fraction of the induced voltage, as 
the reactance of the feeder reactor is to the total 
self-inductive reactance. 

x — = - 37 = 0.744 

x + x 1 37 + 12.8 

Thus, the terminal voltage during the short circuit is, 

’ - - 662 f 


= CL744e = 0.332 + 412 e' 


The transients of short-circuit current, induced voltage 
and terminal voltage are shown in Fig. 15 by the curves 
t2j 02 and 02°- 

. As seen, at the moment of short circuit, the terminal 
voltage makes a sudden drop to curve e* , to 0.744 of the 
previous value, then follows the curve 02 ° for one second; 
thenyrn opening the short circuit suddenly jumps, from 
0.543 on 0 2 ° to 0.732 on 02 , and then gradually recovers 
on the field transient given by the equation, 

= 1 - 0.268 £~° 

The terminal voltage thus travexses the broken curve 
A E2 C% D% F2. 
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As seen, while the voltage recovery after the short 
circuit is slow, the terminal voltage even during the short 
circuit remains above half value. 

The current after one second, when opening the short 
circuit, is only 1.46 times full-load current. 

c. In the same manner the curves are calculated for 
the 52 per cent feeder reactance, giving, 

1 0 = 1.55 
b = 0.511 
b 0 = 0.383 

11 = 0.79 

t 0 = 1.73 sec. 
a = 0.578 

i = 0.79 + 0.76 e- 5781 
e = 0.511 + 0.489 e'- 578< 

—= 0.802 

e 0 =0.41 + 0.392 e"°- 578< 
and the recovery transient, 

e 0 = 1 - 0.215 e~°’ 222t 

The values are shown in Fig. 15 as i Z) e Z) e z °, giving for 
the terminal voltage the broken curve A B z C z D z F z . 

The short-circuit current when the circuit breaker 
opens, after one second, is only 9 per cent above full-load 
current. 

Table II gives the numerical values of voltage and cur¬ 
rent, at the beginning of short circuit, after one second 
and final, as fractions of rated voltage and current. 

TABLE II. SHORT CIRCUIT ON 60,000-KW. 25-CYCLE 9000-VOLT 
STATION 

Resistance of Feeder Reactor 




(1) None (2) 

0.5 ohms (3) 

0.7 ohms 

Duration of Field Transient, seconds 

too = 

4.51 

4.51 

4.51 



ao = 

0.222 

0.222 

0.222 

Duration of Armature Transient, seconds 

to = 

0.582 

1.51 

1.73 



a — 

1.72 

0.662 

0.578 



b - 

0.172 

0.446 

0.511 



bo = 

0.129 

0.335 

0.383 

Short-Circuit 1 
Current ] 

Initial 

After 1 sec. 

to = 
i = 

7.8 

2.5 

2.01 

1.46 

1.55 

1.09 

Final 

ii = 

1.34 

0.894 

0.79 

Induced J 

[ Initial 

eo = 

1.00 

1.00 

1.00 

1 After 1 sec. 

e = 

0.322 

0.732 

0.785 

Voltage 

^ Final 

ei = 

0.172 

0.446 

0.511 

Terminal 


co = 

1.00 

' 1.00 

1.00 

eo° = 

0 

0.744 

0.802 

Voltage 

After f Before 

e° = 

0 

0.543 

0.63 


1 sec. \ After 

e = 

0.322 

0.732 

0.785 

i 

[Final 

ei° = 

0 

0.322 

0,41 
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The question then arises of the bearing of these volt¬ 
age curves, Fig. 15, on synchronous operation. 

During the period of dead short circuit or zero terminal 
voltage, Bx C u there is.no synchronizing power. There is 
no load on the generators beyond the i 2 r and the load 
losses which are moderate even at the initial high momen¬ 
tary short-circuit current, and rapidly decrease with the 
decreasing short-circuit current. Thus the alternators 
speed up, until the governor shuts off steam or the 
emergency governor trips. The former necessarily must 
take an appreciable time to avoid trouble from steam 
governor hunting, Usually, the speeding up will occur 
until the emergency trips and cuts off steam, about 10 
per cent above normal speed. Then slowing down occurs 
until the machines are again put on their governors. The 
speeding up however occurs at different rates, due to the 
differences in the momentum of different machines; the 
speed of tripping cannot be exactly the same, as absolute 
reliability rather than exactness of speed is the main 
requirement of the emergency cut off, and furthermore, 
some speeding up will continue after the closing of the 
governor, due to the steam contained between the cut off 
and the turbine, and in the turbine* Thus if during this 
period the machines do not have sufficient power to keep 
each other rigidly in step, at the time when the short 
circuit is cleared and the voltage returns, the machines 
probably have drifted so far apart that they cannot pull 
each other in step again but continue slipping out of 
synchronism, short-circuiting each other and keeping zero 
terminal voltage indefinitely. 

Let P = load on the machine before the short circuit. 
With the load taken off, the power P then accelerates 
the momentum M of the machine, until the steam is cut 
off. This means 

2 sM = Pt (82) 

where s is the increase of speed in fraction, and t the time, 
or more accurately: 

M[(l + s) 2 — 1] = Pt (83) 

however, (82) is sufficiently accurate for our purposes. 

♦One cubic meter of steam at 14 atmospheres (200 lb.) retamed 
between the turbine and the steam cut off, would speed up a 35,000- 
k.w. steam turbine alternator by more than one per cent, after 
the cutting off of the steam. 
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Thus, s 



(84) 


Substituting the values of P and M from Table I, gives 
the acceleration curves. In Fig. 16 are given such curves 



for four 25-cycle machines, the 12,000, 14,000, 30,000 
and 35,000 kw., as (1), (2), (3) and (4). As seen,’the 
acceleration is very rapid, from 3.5 to 8.6 per cent per 
second. 

The limits of synchronizing power, that is, the maxi¬ 
mum speed difference from which the machines can pull 
each other into step promptly, is given by equation 
(38) as, 

Chosing the same values as in Fig. 15, that is, per 
10,000 kw. rated machine capacity, 

z — 2 Xi — 2.08 ohms. 

3 M = 125 x 10 6 joule 
/ = 25 cycles 
a = 90 deg. 
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ej __ 522B = 5200 volts. 

. V 3 

gives 2So = 1-4 percent. 

In the moment however, when the short circuit opens, 
the induced voltage of the machine has dropped[from t; e 
initial value, due to the demagnetizing effect of the short 
circuit current, on the curve * of Fig 15 and the critical 
speed 2 s 0 has dropped proportional thereto. 

In Fig. 16, is given in dotted line the curve 2 s„, as (0). 
As seen evek in a fraction of a second, that is, in a time 
much shorter than the circuit breaker can °P e3 ^ the 
circuit, machines of different types have drifted apart by 
greater speed differences than those at which the ma¬ 
chines can pull each other in step again at their reduced 

However^ everTwith identical machines, especially if 
the speeding continues to the tripping of the emergency 
steam valves, inevitable inequalities in the tripping spee 
and in the time of restoring the machines on steam 
governor control, probably cause greater speed differ¬ 
ences than permissible by the synchronizing power 
Furthermore, even if the short circuit is opened in a 
second or less, the induced voltage has dropped so con- 
siderably—ei in Fig. 15-and the recovery curve-ex m 
Fig 15—is so slow, that the machines cannot immedi¬ 
ately take load, and speeding up continues for some time 

Thus it may be expected that with a dead short circuit 
at or near the busbars of a high-power steam turbine 
station, the generators drop out of synchronism and are 
not able to pull back promptly into synchronism, but 
begin to drift indefinitely, slipping past each other at 

Ze FoI°a machine to remain in synchronism with other 
machines, with full load steam supply and the load 
thrown off by a short circuit, etc., the machine must 
able to transfer full load to other machines, within its 
limits of synchronizing power, that is, with a phase dis¬ 
placement not exceeding 90 deg. 

The maximum power transfer between two machines 

is given by equation (11) as 

E 2 . 

P = — sma 
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where z is the total impedance between two machines, 
and a may be assumed as 90 deg. This gives 

E = V zP (85) 

as the minimum voltage E, at which the machine will 
keep in synchronism at a power difference P between the 
load and the steam supply. 

Substituting for P the rating of the machine per phase, 
and for 3 twice the self-inductive reactance (external and 
internal), per phase, gives the minimum voltages of 
remaining in synchronism, that is, the voltage limit of 
synchronizing power. 

This gives, for the machines in Table I, the values 
recorded in Table III. 

As seen from Table III, the voltage limit of synchro¬ 
nizing power in most of these machines is a little below 
half voltage, and the conclusion follows that: 

As long as the machines do not drop below half voltage, 
no danger exists of the machines breaking out of syn¬ 
chronism by the sudden loss of load under short circuit 
or other accidents. 

If a feeder reactor limits the voltage drop of the station, 
due to a feeder short circuit, to 50 per cent or less, the 
machines in the station remain in synchronism, even 
when speeding up due to the release of load, when trip¬ 
ping their emergency steam cut offs, etc., and the voltage 
thus recovers immediately on the opening of the short 
circuit. 

As seen from Fig. 15, this is the case even with the 
smaller feeder reactor, and under the given conditions, 
the smaller feeder reactor thus should offer complete pro¬ 
tection against loss of synchronism of the station as result 
of feeder short circuit. 

Similar relations then exist between generating station 
and synchronous machine loads, such as converters and 
synchronous motors. 

The synchronous converter probably represents by far 
the most frequent synchronous machine load. Its inter¬ 
nal characteristics are somewhat similar to those of the 
steam turbine alternator, that is, high effective reactance 
of armature reaction and low true self-inductive react¬ 
ance, and it therefore is probable that about the same 
numerical relations pertain. 



TABLE III. VOLTAGE LIMIT OF SYNCHRONIZING POWER 
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30,000 

1800 

6900 

1600 

4.32 

15 

1.30 

10.0 

3610 

52.1 


20,000 

1200 

6900 

1200 

5.76 . 

13 

1.495 

6.67 

3150 

45.6 

60 Cycles 

20,000 

720 

6900 

1200 

5.76 

9 

1.04 

6.67 

2630 

38.0 


14,000 

720 

6900 

900 

7.67 

9 

1.38 

4.67 

2530 

36.6 


12,500 

1800 

6900 

750 

9.2 

12 

2.21 

4.17 

3030 

43.8 

25 Cycles 

35,000 

1500 

5200 

2250 

2.32 

11.4 

.528 

11.67 

2480 

47.8 

30,000 

1500 

5200 

1925 

2.71 

15.25 

.823 

10.0 

2870 

55.2 

20,000 

750 

5200 

1280 

4.07 

10.93 

.89 

6.67 

2430 

46.9 • 

0000 
o*o 00 

O t> CM 03 
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45.0 
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1.54 
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2480 
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Rated current i — . 
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above the voltage limit of synchronizing power, may 
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Discussion on “Stability of High Power Genera¬ 
ting Stations” (Steinmetz), White Sulphur 
Springs, W. Va., July 1 , 1920. 

R. E. Doherty: It has been my experience, 
and perhaps that of many others, in listening to dis¬ 
cussions of synchronizing power, and reading some 
papers about the values of reactance and resistance 
in the circuit to get the maximum synchronizing power, 
that there has been a good deal of confusion as to what 
is meant. In addition to that, in connection with 
Dr. Steinmetz' paper, I wish to call attention to some 
equations he has given regarding the relations between 
. the feeder connection of the armature and the field 
circuit. 

. In studying the several conditions of parallel opera¬ 
tion of two groups of alternators as discussed in the 
paper, the question arises, what shall be taken as the 
synchronizing power. Is it the power delivered by the 
generator, or a group of generators, which is ahead 
in phase, or is it the power received by the generator, 
or group, which is behind? Obviously if there is 
negligible resistance in the circuit connecting the two 
groups, the power delivered from the first group must 
be the power received by the second. The question 
arises only when there is a significant 1 2 R loss in the 
connecting circuit. 

An alternator is connected through an impedance 
r + j x to a bus of infinite capacity. The governor 
ceases to function, and the prime mover tends to 
drive the alternator ahead. The power which tends 
to hold the machine in step must obviously include 
the PR loss in the circuit, as. well as the power de¬ 
livered to the system. That is, the maximum syn¬ 
chronizing power, must be the maximum total elec¬ 
trical power generated by the alternator. Suppose, 
on the other hand, that a^negative torque is applied 
to the shaft tending to pull the alternator back out 
of step. Then, obviously, the power lost in PR 
although included in the above case, cannot in this 
instance produce torque in the alternator, and there¬ 
fore cannot be included in the power which tends to 
hold it in step. What remains, is the power of the 
lagging, alternator. Thus, again, the maximum syn¬ 
chronizing power .must be the maximum power of the 
alternator; in this case, the maximum power which 
is received by the alternator and converted to mechani¬ 
cal power. In either case, therefore, it is the electrical 
power of the machine under its particular conditions: 
that is 
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E I Cos e 


Where E = actual generated voltage corresponding 

to the magnetic flux 

i 7= phase displacement between £ and L 

the electrical power of the alternator^ 
hint we’sTy iffe Jhl pw«Udta?ihe too alt*rnators 

uor the power received but the average of the two, 
that is the power delivered by the first, less half th 
PR loss - or the power received by the second, plus 
L? t the P R loss; in other words, the power which a 
wattmeter S indicate if placed atjtM pom. m 
the circuit where the resistance on either side is ha 

the total resistance. . » ihaf the syn- 

Tlnwpver from the point of view that rne syu 

chronS power is the power that holds the alternator 
or stSs! of station sections together it might 
logically be considered as that power which leaves the 
first and is received by the second; that is, as t-hepowr 
received by the lagging generator °[ Jatira buj 
TWause the problem is often stated thus. Wna 
the maximum power which can be transmitted across 
a vifen dZit? The interest, therefore, m such a 
cas S e, is less in how much power can be delivered to that 
circuit than in how much can be put acrossi it. Ho 
ever when that maximum is reached, there is a ae 
finite value, not a maximum, of the power delivered 
to the circuit, and therefore a definite average Thus, 
so far as getting the facts is concerned t makes 
little difference which one is calculated. It all depends 
on what the problem is. The present problem is 
largely the calculation of power exchanges under 
unstable conditions in which a given group of alterna¬ 
tors is alternately ahead and behind another group, 
or in which the two groups are slipping by each other 
and therefore, in which the machines are alternately 
delivering and receiving power. It is therefore more 
satisfactory to deal with the avorago. . 

Consider briefly a few criterional relations between 
resistance and reactance for maximum synchronizing 
power, P m under different assumed conditions: 
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1. Two buses each held at constant potential E, con¬ 
nected by a circuit of impedance r + j x. 

(a) From equation (13), P m occurs, for any 
given value of r, when 

x = r 

If P m were considered as power received by the 
lagging bus (equation 6) instead of the average 
power, the criterion would be 
x = ys r 

(b) From equation (13), P m occurs, for any 
given value of x, when 

r = 0 

The question of what voltage or what reactance 
should be used in these relations is entirely a matter 
of what voltage is going to be considered. If you 
take the terminal voltage of the alternator and hold 
that constant, then obviously you must consider not 
the internal voltage of the machine, but only the 
impedance between the buses which are held at the 
voltage of the machine. On the other hand, if you 
assume that the magnetic flux in the machine is con¬ 
stant, then you must take, not the external impedance 
only but also the internal impedance, that is, the true 
leakage reactance. 

If you go a step further and consider, not that 
the flux is constant, but that the nominal electromotive 
force (a fictitious voltage in proportion to the field 
excitation) is constant, then you must consider not 
only the external impedance and the internal true 
leakage but also the armature reaction. Depending 
upon which one of these voltages you take, you come 
to the proper value of reactance to be considered in 
the criterional relation. 

2. Two alternators or two groups of alternators with 
equal “nominal e. m. f.,” equal leakage reactance x t 
and equal effective reactance of armature reaction x», 
connected by a circuit of reactance ;r. 

(a) Slipping by each other out of synchronism. 
The total effective reactance (including internal) 
between the alternators is, from equation (47.) 

2 x i ~{. X” "4""' x 

and P m is obtained when (by equation 54) the 
external react ance is 

x - .■ 2 X\ 

(b) Steady strain. The total effective re- 
reactance in this case is 

2 a*i 4 2 x, -I x 

For any given value of external reactance ar, the 
maximum power transfer, neglecting resistance, is 
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_ e£ 

J m 7 2 £2 + 2 xi + x 

The value of external reactance x for' J na ™ a ’ l jP* 
p in this case is obviously zero, although for 
the above case of slipping it was 

TVip reason is if two machines are slipping by each 
,t£? E5>?’til magnetic flux in the mactunesjs 
letermined by the leakage reactance. I y h 
eactance, you have : rSdS 

mulSifIn flow of current, so that a compromise 

iurther decrease in the reactance, two exceptions 
the latter are: ^ Qther out of synchronism 

limited. Therefore there is a m<nt fi^ or J^ e y a 
of reactance as given m equation ( 54 ) of the pap r 
2 There must, of course, always be some resistance 
in the circuit. The maximum synchronizing power 
will be increased by decreasing the reactance until 
£ latter is of practically the same magnitude, as 
fhe resistance Beyond this, the gam m lower im- 
pedancTis more than offset by loss m phase displace- 

m There are some cases in which the criterional rela- 

til Stwosn r and r f«dmum ^*°2 

Sk 0 *ich“nol V only th™ Stance but also the much 
larger effective reactance of armature reaction mus^ 
be taken in relation to r. The former mcludes os 
cases where, by operating conditions, the buses of two 
stations or of two station sections, paralleled over a 
circuit of impedance Z, are actually held at the same 
constant potential to the limit of synchronizing power. 
Here the circuit reactance and resistance only shou 
be considered It also includes those cases where 
the magnetic flux of the alternators can be assumed to 
be constant, under which conditions, the true leakag 
reactance of the alternator, as well as the external 
circuit reactance should be taken, in tn _ . 

there is some probability of the particular value of 









1920] 


DISCUSSION 


1275 


resistance, settled upon by considerations of economy 
or regulation, becoming a significant factor in synchron¬ 
izing force, on account of the relatively low value of 
the reactance involved. 

However, in those cases where, instead of voltage, 
the field m. m.*f., that is the “nominal e. m. f.,” is 
held constant, and the voltage is allowed to drop, the 
large ^ “synchronous reactance,” including armature 
reaction, must be considered. In such a case, the 
effect of r is usually negligible—not because the effect 
of r has been changed, but because the armature 
reaction, assumed to be neutralized in the above cases 
by increased field current, is in this instance, free to 
act; and it simply overshadows the other factors, 
and seriously reduces the synchronizing power. How¬ 
ever, the criterion still holds. If such a case existed 
in which the resistance were greater than the syn¬ 
chronous reactance, then it would help matters to add 
reactance. 

Illustrating three cases: 

1. Equal Bus Potentials Held Constant. 

Assume that a. 25 per cent reactor is inserted in the 
connecting circuit, which itself contains 2 per cent 
resistance, 1 per cent reactance, based on the normal 
rating of the line equal to 1000 kw. Thus x = 26 
per cent, r = 2 per cent. The maximum power which 
can be transmitted from one bus to the other is, by 
reduction of equation ( 6 ), 


P 


m 



sin 2 a 


If the average power, given by equation (9) is con¬ 
sidered, the maximum would be, by equation ( 11 ), 


E 2 . 

sin a 


For a = 90 deg., that is, negligible resistance, these 
are of course identical. However, taking the former 
case, 

a - tan — 1 13 

Practically a = 90 deg. and Z = X 


P 


m 


1.0 2 

0.26 


X 1000 = 3850 kw. 


Taking out the reactor, the circuit is: 1 per cent 
reactance, 2 per cent resistance, 
a = tan -1 0.5 = 26.5° 

Z =2.23 per cent 

r> 1-02 


0.0223 


X 0.39 2 X 1000 = 6870 kw. 
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Thus, higher than before; but by increasing x from 

1 per, cent to 

.y/S r = 3.46 per cent 

P -j S deg. and Z. - 4 per cent 


P m = 


. X 0.866 2 X 1000 = 18,750 kw. 


An increase or decrease of reactocefrom theabove 

value mil decrease fV “ustr ates 

SretheUcuSiXlow. and the alternator 
reactance is not considered. true leakage 

2 Same case as abov , P regultant rea ctance 

reactance of the alternator f 100 O kw. is 

of a group, 1»»J ! rfthe alternator 

fsSf»i th 1n th «£ alternator reactance 
must be considered. x = 36 per cent, 

r l^pS^rfr “Soil reactor, « - 11 per cent, 
r = 2 per cent, z — 11.15 per cent. 

For first case: 


1.0 2 + 0.05 2 

06 


Second case: 


TO? + 0.05 2 
OU5 


x 1000 = 2780 kw. 


X 1000 = 8950 kw. 


3. Holding Constant Field Excitation. Here, both 

Aiming 

SntTLS on^ine^ating, then the 
nominal e.m._f^___ : _ 2 = i i2E 

The impedance is : x ==126 per cent ; r 2 per cent* 1 ’ 
or without reactor, x = 101 per cent, r - 2 per cent. 

For the first, case, 

P m = 1.12 2 X 1000 = 1000 kw. 

For the second case, 

p _ 1 ' 12 l x 1000 = 1240 kw. 
r ™ ~ 1.01 

IfechtaS’ attention should be called to an approxuna- 
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tion which, although justified, of course, by the charac¬ 
ter of the present problem cannot be thus applied in 
general. Equation (61) assumes equality between 
the effective m. m. f. of armature reaction, due to 
inductive armature current, and the field m. m. f. 
required to balance it. This, of course, assumes per¬ 
fect magnetic coupling. Actually, the leakage flux 
modifies the relation. 

Considering that the machine is operating on sus¬ 
tained short circuit—as in the ordinary synchronous 
impedance test—then the armature flux is zero (neg¬ 
lecting resistance drop), and is 

(n 0 i) M + (1.5 V2 nl) L l = 0 
where M and L l are respectively the permeance of the 
path of mutual flux, and of the path of the total arma¬ 
ture flux. 

Hence equation (61) would become 
_ n Li 

i = 1.5 V2 —-jy I . 

«o M 

and (62) 




That is, the equations are modified by the ratio 


L x 

M 


This ratio is of the order of 1.1 to 1.2 in large genera¬ 
tors. In the generators under consideration”, it is 
near 1.1. 

This relation holds also for sudden short circuit, 
since, neglecting the armature transient, as assumed 
in the paper, the distribution of flux in the several 
leakage paths is the same provided there is no damping 
winding in the pole face and that the rotor is laminated. 
Otherwise, part of the_ secondary induced ampere 
turns will be in the massive steel rotor or in the damp¬ 
ing winding, and therefore will not appear in the main 
field winding. This, of course, would change the 
flux distribution, sending more of the flux through 
the armature leakage paths than would exist there 
(assuming the same total flux) under the condition 
of sustained short circuit. 

V.. Karapetoff: The problem of computations 
relating to the stability and oscillations of a large 
electrical system is not new. It used to be an im¬ 
portant problem in the days of reciprocating engines, 
both steam and gas, especially in Europe. Quite a 
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number of articles appeared in those days in various 
European magazines, and the gist of it all has been 
incorporated by Dr. E. Arnold in the Fourth Volume 
of his “Wechselstromtechnik.” That theory, I think, 
might well be revived now, in so far as the method of 
attack is concerned, compared with Dr. Steinmetz’ 
present method of attack. In a large system, such 
as the one here under discussion, the energy relations 
are much more general and safe to go by than are 
the voltage and current relations. Electrical oscilla¬ 
tions, from a formal mathematical point of view, are 
analogous to mechanical oscillations, and electrical 
engineers interested in the problems of protective 
apparatus and disturbances on the systems, would do 
well to get posted on the old classical methods of 
dealing with mechanical oscillations. 

Take a comparatively simple case of an alternator 
working parallel with what may be called a system of 
limitless capacity, so that this alternator can hunt 
without affecting the voltage or the frequency of the 
rest of the system. You have to consider variations 
in several kinds of energy, viz., stored kinetic energy, 
mechanical energy, stored magnetic energy, stored 
electrostatic energy and also energy dissipation into 
heat. At any instant there is a balance of power 
corresponding to these amounts of energy, so that if 
you start with an equation containing a balance of 
energy you are on a more secure ground than by 
beginning with components of energy such as voltage 
or current. 

The equation that expresses oscillations of an alterna¬ 
tor against an infinite system contains a term propor¬ 
tional to the instantaneous angular velocity; a term 
that is the first derivative of that angular velocity with 
respect to time, also an integral of the same velocity 
with respect to time. On the other side of thp equation 
are the forces which disturb the original equilibrium. 

Now, if you compare this equation with that of a 
simple electric system, containing capacity, reactance 
and resistance, with an applied non-sinusoidal elec¬ 
tromotive force, the analogy is so complete that it 
is not necessary to solve the differential equation of 
oscillation of the mechanical system. We can write 
down the solution directly and we can also draw the 
locus of the vector of one of the variables in the prob¬ 
lem, such as capacity and inductance. Dr. Arnold 
whom I mentioned before, has worked out the method 
in a very elaborate way in his book. I have pre¬ 
sented the essentials of this method for English 
speaking readers in an article on “Hunting and Parallel 
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Operation of Synchronous Machines/' Sibley; Journal 
of Engineering, March 1920. 

Harry R. Woodrow: I do not agree with Mr. 
Doherty on the question of synchronizing power as 
synchronizing power should be defined as the amount 
of power that one generator can receive from a system. 
The two definitions give entirely different conditions of 
stability of the system. Taking the ratio of x divided 
by r as abscissa and synchronizing power as ordinates 



the curves given by the two definitions are shown on 
Fig. 1. From these curves it is evident that the power 
received is a maximum when the ratio x/r is equal to 
V3 with a given value of resistance, whereas, the 
maximum power delivered by the leading unit occurs 
when the ratio x/r is equal to zero, that is, zero re¬ 
actance. 

For instance, if we have two systems connected 
together without reactance we know it is impossible 
to hold the two systems in step, whereas, the syn¬ 
chronizing power is high by definition of power sent 
out from the leading unit. By the definition of the 
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amount of power received, it is clear that there is no 
synchronizing power under this condition and the 
amount of reactance should be increased to a point 
where it approaches the V3 times the resistance te¬ 
stable operation. This plan has been followed on 
tying systems together in New York with good results. 

There is a considerable difference in the adapt¬ 
ability of bus reactors to systems which are dependent 
on the character of the system. First, if we take a 
system which is interconnected, and it is desired to 
hold the system together at times of system trouble, 
it is necessary that the bus reactors have a compara¬ 
tively small reactance. This feature was brought out 
clearly in the paper by Mr. Johnson before this In¬ 
stitute about three years ago. If the reactance is 
not below 50 per cent based on the. total capacity 
connected to a bus section, there is quite a chance for 
oscillation as was experienced in the definite example 
given at that time, whereas, in the case of a radial 
system, where one section could be segregated, the 
reactance can be made considerably higher. 

I do not believe any system should be laid out to 
give more than 80,000 amperes (mean effective value 
symmetrical condition) into any short circuit that, could 
occur on the system as with currents above this value, 
the magnetic stresses and heating produced on con¬ 
ductors is prohibitive. With the smaller systems 
where the maximum short-circuit currents are not 
excessive, bus reactors are not necessary and in many 
cases are objeetional from the operating standpoint. 

The use of feeder reactors is becoming generally 
adopted as the most effective means of protecting a 
system, as with this installation, 95 per cent ot the 
troubles which occur on feeders are nipped off, without 
the rest, of the system knowing anything about, it, 

E. G. Merrick: As mentioned by Mr. Doherty, a 
number of the articles which have appeared in the 
past, have so confused the terms “synchronous re¬ 
actance” and “instantaneous reactance,” that, the 
formulas derived have not been of much value. 

In regard to the point of machines getting out of 
step, and staying out of step for considerable periods, 
that is a condition which can be made worse if one or 
more generators in a plant are being operated under 
hand control. In one of the large hydroelectric 
plants a field killing device is used in connection with 
a short,-circuit, suppressor, and tests have shown that, 
when l,wo machines are operating in parallel and one 
is hand controlled, the time required to bring the 
machines back into synchronism is increased very 
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considerably. Hand control is usually a temporary 
condition, and not of very great interest; however, 
in tying together plants in the large systems that are 
contemplated, it has been considered advisable, 
especially where automatic stations are concerned, 
to operate certain units without governors in order to 
simplify the equipment. This may lead to some 
difficulty under short-circuit conditions. 

In regard to the use of reactors, no one system of 
application can be considered the best—each installa¬ 
tion must be studied on its own merits, and proper 
distribution of reactors made. 

The results obtained from the actual experience of 
operating companies have demonstrated the value 
of reactors—plants which have outgrown their original 
contemplated capacity have been able to continue 
the use of original equipment without overtaxing the 
buses, switches, etc. 

There is no question but that stresses are reduced in 
buses by the use of reactors, and there is no question 
but that the duty on switches can be reduced by re¬ 
actors if ^ properly applied. Within certain limits, 
however, it is not entirely certain how much effect the 
reactor has. The Institute has standardized the 
rupturing duty of switches as being the current inter¬ 
rupted at normal voltage. If a short circuit occurs 
close to the generator, without reactance interposed, 
and is maintained for a certain period, the re-established 
voltage is certainly not normal, whereas, with infinite 
capacity and large enough reactance, the voltage rises 
instantly to normal after the interruption of the short- 
circuit. Between these limits of low voltage—high 
current and high voltage—low current there must be 
some point where the reactor does not give an appre¬ 
ciable decrease in the true rupturing duty of the switch. 

Morgan Brooks: In view of the enormous size 
to which these reactors have grown, it might be 
interesting to say a few words in regard to the relation 
of the resistance to the reactance in these coreless coils. 
Putting in a _ small coil, such as may be used for -a 
gasoline ignition, weighing a pound or two, it is im¬ 
possible to get the reactance in ohms for moderate 
frequency, like 25, equal to the resistance of that coil 
in ohms, that is, the power factor of the coil would be 
rather good, that is, it has too much resistance in it. 

You want a very low power factor in a reactance 
coil to use for synchronizing. If you take a coil and 
wind twice as many turns on it, a rough approximation 
would be that you multiply the inductance by four 
and the resistance by two. That is not quite right, 
because of your not having all the turns in the same 
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spacing, and if you could maintain the turns in the 
same spacing, it would be true—the reactance in¬ 
creases faster than the resistance, assuming constant 
arc over in a large coil. 

In the very large coils we get extremely low power 
factor, which is what we want, from five per cent or 
ten per cent. While early experiments on small 
machines seem to show it is absolutely necessary to have 
a coreless coil—because if you have a core reactance 
coil you get resistance for the power required equiva¬ 
lent to making a coreless coil of some conductor, such 
as German' silver. It is out of the question. In the 
large coils w r e may be willing to use a reactance or coil 
of 20 per cent power factor, instead of getting one of 
five per cent; 

It seems to me there is a possibility of introducing 
a small amount of core—much smaller than you would 
consider in transformer design, of course—and there¬ 
fore get the reactance at a somewhat less cost, I should 
say, for the coil itself. However, please bear in mind 
that the reactance, due to the winding itself, with the 
coreless coil, is instantaneously available. 

J. A. Johnson: I wish to say a word in support 
of Prof. KarapetofFs suggested method of attacking 
the problem which appeals to me as having much 
merit in a problem of this kind. 

Most of the discussion and the papers today are 
based on an occurrence, or several occurences, which 
took place in a steam turbine driven installation. 
Upon the occurrence of trouble, in a plant of this kind, 
quite frequently the machine trips off on the steam end, 
so that there is no further energy supplied from the 
steam turbine to the system. Now, in the case of 
an hydraulic installation that is not true. Upon the 
occurrence of trouble, or a disturbance of the system, 
it is not possible to cut off the energy supply instan¬ 
taneously. The governor reacts to the oscillations, 
and if there is considerable stored energy in the hydrau¬ 
lic system, there will be, accompanying the oscilla¬ 
tions of the generators, an induced oscillation in the 
supply of power to the system from the hydraulic 
portion of the plant, tending to maintain the oscilla¬ 
tions of the generators. 

On page 1220 of Dr. Steinmetz' paper he states that 
"the maximum theoretically permissible busbar re¬ 
actance, at a maximum of 30 deg. phase displacement 
between the busbar sections, would be 200 per cent, 
referred to the smallest generator on the section, as 
far as energy transfer from section to section, with 
negligible phase displacement—15 degrees/' 


1920] 


DISCUSSION 


1283 


Now, in two very large hydraulic plants, with which 
I have had experience, namely, the Ontario Power Co., 
and the former Hydraulic Power Co., bus bar reactors 
were installed, of only 12 per cent reactance based on 
the capacity of the smallest generator on the section, 
and in both of these cases unstable conditions resulted 
between sections of the busbars; not complete in¬ 
stability, but continued hunting; and in both cases it 
was corrected by a reduction in the amount of re¬ 
actance. 

On page 1231 Dr. Steinmetz says: “As is well known 
the alternators then oscillate against each other, with 
(practically) constant frequency of oscillation, and 
gradually decreasing amplitude of oscillation, and 
finally steady down in phase with each other, at the 
constant phase angle a; deg., determined by the condi¬ 
tion of steady power transfer between the alternators.” 
Now, in the case where there is no continued energy 
supply to the system, that, of course, is true, but in a 
hydraulic plant such as I am speaking of, where there 
is oscillating energy supplied to the system, by the 
forced harmonic oscillation of the turbine governors in 
synchronism with the swing of the generators, they 
do not settle down;, they continue to oscillate, and in 
the instance of which I spe.ak, that oscillation continued 
with no diminution in amplitude until the switches 
between the sections were opened. 

I bring this point up at this time because this paper 
by Steinmetz will undoubtedly become a classic 
paper, and will be used not only by the engineers of 
the steam turbine plants, but also by those of the * 
hydroelectric plants. For this reason I cannot refrain 
from again calling attention to this limitation which 
may occur in the hydraulic plant, and entering a protest 
against the idea that you can put a 200 per cent re¬ 
actance, based on the smallest unit, in the bus bars of 
an hydroelectric plant of moderately high head and 
get away with it. 

D. C. Jackson: Mr. Doherty has classified syn¬ 
chronizing power by the logic of his equation. 

There are really two situations in respect to syn¬ 
chronizing power, one is the case where machines are 
running at exactly the same speed, but are slightly 
out of phase. Under these conditions, whether one 
considers a single machine with respect to a bus bar, 
or a pair of machines with respect to each other, an 
unbalanced voltage is set up out of phase with the 
main voltage. In this case, the P r of the current set 
up by this unbalanced voltage has no influence in 
bringing forward the lagging machine, but tends to 
retard the prime mover of the leading machine. Its 
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effect is on the prime mover of the leading machine, 
to load the prime mover a little more, and as far as the 
synchronizing power of the generator per se is con¬ 
cerned, the I 2 R loss does not come into play if we 
define that synchronizing power as the electromagnetic 
gripping of one machine on the other. On the other 
hand, when the machines are slipping past ea,ch other, 
running at slightly different frequencies, this induces a 
transfer of energy, and that leads Mr. Doherty to make 
an exception in his principal rules in respect to the 
relation of resistance and reactance in affecting syn¬ 
chronizing effort. 

Another instance is referred to by Mr. Johnson, 
i. e., the addition of forced vibration from outside 
influences. It is quite true, as Prof. Karapetoff has 
suggested, that energy equations may be set up which 
include the effects of force vibrations along with those 
of natural vibrations, but the solution of the energy 
equations which have thus far been developed for 
mechanical conditions do not approach conditions of 
complexity equal to those that are found in the electro¬ 
magnetic circuit associated with a number of generators 
attached to one system. 

I have the highest confidence in solutions of the 
energy equations where they can be applied. On 
the other hand, I am in accord with the manner in 
which Dr. Steinmetz and Mr. Doherty have dealt 
with the particularly complex example described in 
the paper, although their approximate solutions perhaps 
may ultimately be followed by solutions of energy 
. equations which will give us more light. In other 
words, we must make the advance in these complex 
matters by first using approximate analyses, which 
are followed up by the full analyses. 

D. W. Roper : On page 1249, of Dr. Steinmetz paper 
about the middle of the page, he states the conditions 
for maximum synchronizing power. I should like 
to inquire what is the order of this maximum syn¬ 
chronizing power under some of the conditions that 
have been discussed in these papers? Is it twice the 
power of the turbine, or ten times the capacity of the 
turbine, or how big is the maximum synchronizing 
power? 

Secondly, on page 1263, in the figure representing the 
current and voltages, that occur when a short circuit 
occurs on the line beyond the reactance, it shows the 
voltage as dropping to zero at the time the line fails. 
In such cases there is always an arc between the two 
conductors, or between a conductor and ground. The 
New York Edison Company has, I believe, made some 
experiments and tests to determine under similar 
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conditions the voltage across the arc, and I should 
like to ask Mr. Torchio if he thinks from these ex¬ 
periments, that the assumption that, after the arc 
occurs the voltage is zero, as made by Dr. Steinmetz, is 
entirely warranted? 

Philip Torchio: The experiments Mr. Roper re¬ 
fers to were made on low-tension cables and they were 
carried out to determine the maximum amount of 
current that would flow into a short-circuited low- 
tension feeder, consisting of 1,000,000 circular mils 
concentric cable. We found that by making a short 
circuit close to the busbar, by driving a spike into the 
cable, the first rush of current was 8000 amperes. 
When the spike burned out, the current promptly 
dropped to about 3000 amperes, and held around that 
value for about one minute. Subsequently for quite 
a considerable time, I think about eight minutes, the 
value of the current was always under 2000 amperes, 
so we figured that the Reason for that reduction in 
current, without any corresponding drop in the voltage 
in the bus, was due principally to the arc. 

This is an important fact, of great value to engineers 
studying systems of distribution. 

With regard to the matter concerning high-tension 
short circuits, if I am right, I think that the arc voltage 
drop in a short-circuited high-tension cable would be 
limited to a relatively small percentage of the total 
voltage, while on a 240-volt d-c. system, if we have an 
80 or 90-volt arc, that will limit the current quite 
a great deal. On a high-tension system I imagine that 
the arc. voltage is in the order of a small percentage of 
the total voltage on the circuit, so I believe Dr. Stein¬ 
metz is right in considering the voltage as practically 
zero. 

H. R. Summerhayes: On page 1263, the curves 
shown give the voltage of the machine during a short 
circuit and before the time the switch is opened. I 
think that is rather important, as establishing the 
relation of the feeder reactor to the circuit breaker, 
which was adjacent, and with regard to the setting 
time of the relay. That is, these things are interrelated 
in that if we have a certain size of reactor, we can use 
a circuit breaker which will interrupt a certain current, 
and we can set it so that the -voltage at any time will 
fall below the point which will cause the machines to 
drop out of synchronism. 

R. E. Dougherty : In my discussion of Dr. Stein- 
metz’s paper, I mentioned the confusion which exists 
in a great many discussions of synchronizing power, 
and I think that that point has been illustrated very 
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forcibly by the present discussion about it. I will 
take first, the question of synchronizing power-. 

Mr. Woodrow says he does not agree with my defi¬ 
nition. He' means that he does -not agree with Dr 
Steinmetz’s definition. I did not define it; I s&id 
that we must define it if we are going to talk about 
it Otherwise, we would be talking about different 
things. I said that it depends upon what the problem 
is, if one is calculating the power received by the cir¬ 
cuit, if that is what one wants to find out, and call 
that the synchronizing power, then the relation 

= ^3 is correct, provided however, that the 

r 

voltages of the two buses are kept equal to each other. 
If the buses under consideration are not kept at the 
same potential, then that relation is no longer correct. 

With reference to Mr. Johnson’s paper, which was 
presented some two years ago: if I remember rightly 
that was one of the particular instances where the 
reactance of the alternators was considered m the 
calculation of synchronizing power, and, at the same 
time, the assumption was made that the bus voltages 
were equal and constant. Obviously if the constant 
bus voltages are used in the calculation, the reactance 
of the alternator does not enter. 

Prof. Jackson said exactly what I tried to say m 
my discussion, about the effect of the PR loss, when it 
should be included and when it should not be. In 
considering the question of synchronizing power, de¬ 
cide what power - you are going to consider, define it, 
and then it is perfectly easy to decide what reactance 
and what voltage to use. It all depends upon assump¬ 
tions, and for the reason that these assumptions 
are not always made clear, there is confusion in the 
resu’t. 

Mr! Torchio brought up a point regarding external 
generator reactance—that its function is not to protect 
the generator but the bus. I think everybody will 
agree that it is to protect the bus, but I think you must 
also grant that in the case of older machines, par¬ 
ticularly, its function is also to protect the generator. 

Prof. Karapetoff and Dr. Jackson, I believe, men¬ 
tioned the desirability of using energy equations 
instead of those of volts and amperes in the considera¬ 
tion of these problems. I do not know how Dr. 
Steinmetz would answer that point, but I think it 
would probably be along this line: the character of 
this problem is not one of extreme accuracy, that 
is, to define within a few per cent what is going on; 
and even if it were, I think it would be impossible to 
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do so. It is rather hard to find an answer that will give 
some idea of the magnitude of the quantities involved. 
Ten per cent or fifteen per cent is not of serious con¬ 
sequence. It may be that if we were considering os¬ 
cillation only, it would be more simple to use the form 
of equation which Prof. Karapetoff mentions, but 
here the principal problem is not' oscillation. This 
has not been touched upon to any great extent. The 
principal problem is that of alternators slipping by 
each other out of synchronism, and how much syn¬ 
chronizing power is available under that condition, 
and I question whether it would be advisable in a 
problem of this sort to go to the extent of attempting a 
rigid solution. The method given in the paper gives 
symmetrical equations for all of the conditions and 
makes the calculation fairly simple and sufficiently 
accurate. It is true that many rather rough assump¬ 
tions are made, but they are justified by the character 
of the problem. 

Mr. Johnson brought out the difference between 
the steam and hydraulic station. There is a real 
difference. ^ I think it is true that governors on modern 
steam turbines are probably less liab e toisustain any 
oscillation that may be started than the hydraulic 
governors, although I have been told that hydraulic 
governors of modern design will not sustain oscilla¬ 
tions. The use of a larger reactance might, after 
all, have helped Mr. Johnson in the difficulty which he 
experienced. He used 12 per cent reactance and had 
serious trouble from oscillation; and as I gather from 
his paper there was a fairly close relation between the 
natural oscillating frequency of these generators and 
the frequency of the hydrualic governor, that period 
being of the order of one second. It is not improbable 
that if that reactance had been 5 or 6 times as much 
instead of the negligible value of 12 per cent compared 
with the synchronous reactance of these machines 
(thereby changing the relation of the periods), the os¬ 
cillation would have died out of its own weight in¬ 
stead of increasing to a serious magnitude. 

Chairman Roper asked about the order of magnitude 
of the synchronizing power during slipping. The 
numerical data are given in Dr. Steinmetz’s discussion 
of Mr. Schuchardt’s paper, in which different assump¬ 
tions and calculations are made giving the magni¬ 
tude of this power. 
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VOLTAGE STRESSES IN REACTORS IN 
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I N this paper the writers wish to present some experi¬ 
mental data which indicate the voltage stresses 
that exist in current-limiting reactors under differ¬ 
ent conditions. We have endeavored to .give a physical 
explanation for the phenomena revealed by our data. 
We have purposely abstained as far as possible from 
mathematics and abstruse theoretical considerations. 

We hope to interest those to whom experimental 
facts explained in simple physical language appeal. 
We expect that engineers who most readily get their 
conceptions of electrical phenomena through mathe¬ 
matical expressions will not care for this article. How¬ 
ever, we find continually active engineers, busily 
engaged putting electrical apparatus into service, who 
have misconceptions of the proper use and care of such 
apparatus because, with the time available to them, 
they have not been able to interpret correctly the 
highly technical articles written on the subject. We 
have striven to write our paper so that “he who runs 
may read.” 

The function of a current-limiting reactor is to limit 
the current which will flow into a short circuit. It 
bears the same relation to the electric system that an 
emergency governor does to the turbine. On the other 
hand, a great difference exists as to the manner of pre¬ 
determination of the ability of these two protective 
devices to perform their functions. 

In case of the emergency governor the means of 
determining its protective value consists in assembling 
the governor, bringing the speed of the turbine up by 
means of the hand valve and watching the speed indi- 
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cator. If the governor is properly set it trips out the 
turbine at the speed limit. Otherwise the turbine is 
tripped out by hand, the governor is readjusted or re¬ 
placed by another one and the trial is repeated, this 
process being kept up until a governor operates 
properly. 

The case of the reactor is quite different for two 
reasons, as follows: 

1. It is almost never possible to obtain a generator 
for testing reactors large enough to maintain, across the 
reactor, the circuit voltage for which the reactor was 
designed, when delivering the short-circuit current. 

2 . The voltage stresses that obtain across a reactor, 
in service, in a system containing large power, long 
underground cables and highly concentrated indue- • 
tances may be far more severe than would obtain with 
a large generator alone discharging into a short circuit 
through a reactor. Manufacturers would, of course, 
desire to short-circuit some feeder of a large system 
through their reactors in order to observe the stresses 
across the reactors. Generating companies, however, 
without exception feel that they have sufficient troubles 
on their feeders that cannot be avoided, without intro¬ 
ducing additional ones. Therefore the reactor is 
seldom tested under service conditions. This is the 
equivalent in the case of the emergency governor of 
not being able to test the governor at the speed it must 
operate. 

Pre-determination of a reactor’s current-limiting 
ability is a very simple calculation but the pre-deter- 
mmation of the voltage stresses that it may be called 
upon to stand is extremely difficult. On the other 
hand if the reactor fails -to withstand the voltage 
stresses placed upon it in service it will fail to limit the 
short-circuit current and will be therefore useless. The 
presenting of experimental data indicating the magni¬ 
tude of these voltage stresses is the purposes of this 
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. °^ er produce if possible high-voltage stresses 
m reactors, comparable with the stresses to be expected 
under service conditions and to be able to observe the 
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effects of these voltages upon reactors, a large number 
of short-circuit tests were made. 

The generator used was a 10,000-kv-a., 10,000-volt, 
40-cycle turbo generator. The reactors tested had an 
inductance of 0.02 henry and a current rating of 115 
amperes. 

The voltage across the reactors and the current pas¬ 
sing through them were measured by means of oscillo¬ 
graph records. A diagram of the connections used in 
the tests is given in Fig. 1. 

A large’number of three-phase short-circuit tests 
were made with the generator over-excited for a voltage 
of 12,000 volts at the instant of short circuit and, in 
order to give the reactors a more severe test, single- 



Fig. l 


phase short circuits at 12,000 vplts were made through 
one reactor. In these single-phase tests the reactor in 
the B phase of Fig. 1 was removed and the short-cir¬ 
cuiting was done by closing A and B switches only. 

Although over a hundred oscillograph records of 
these tests were taken not any of the records showed 
the presence of voltage stresses greater than the 
normal reactive drop due to the short-circuit current 
at the instant the short circuit occurred. In some- 
cases there was found a rise in the voltage at the instant 
the current was interrupted but this rise occurred when 
the. normal reactive voltage had been reduced due to 
the decay of the current and the records did not show 
that it reached a value as high as the reactive voltage 
at the instant of short circuit. 

Since the general characteristics of all the records 
taken are the same, we have shown in Fig. 2 and Fig. 3 
one record, each, of the three-phase and single-phase 
tests at 12,000 volts. The records show simply the 
well known discharge of a generator into a short circuit 
through an inductance, 
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The conclusions we have drawn from the records are, 
that if excessive voltages did exist across the reactor, 
they existed for such a brief instant that the oscillo¬ 
graph could not record their full magnitude. Whether 


Fig. 3—Single-Phase Short-Circuit Tests at Approxi¬ 
mately 12.000 Volts 


excessive voltages existed between the turns or layers 
due to a non-uniform distribution of the voltage 
stresses we had no means of detecting, except that there 
was no arcing between turns or layers. 


Fig. 2—Three-Phase Short-Circuit Tests at Approxi¬ 
mately 12,000 Volts 
Upper Curves—-Line Current 
Lower Curves—Voltage 


In the short-eirucit tests above described, any high- 
voltage stresses, which may occur, appear at the time 
of making’the short circuit or at the time of interrupt¬ 
ing the short-circuit current. Between these two 


Upper Curves—Line Current 
Lower Curves—Voltage 
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periods, there exists simply the reactive voltage due to 
the short-circuit current. 

We have investigated the voltage stresses, at the 
instant of making short circuits, and also at the instant 
of the interruption of short-circuit currents, and have 
recorded the results of these investigations in this paper. 

Reactors, in service, may have voltage stresses in 
them, greater than those that could be caused by the 
short-circuit conditions indicated above. The reason 
for this is two-fold: first, they may be subjected to 
induced high-voltage impulses due to lightning dis¬ 
charges near the overhead lines; and, second, re¬ 
actors may be subjected to high voltages due to 
resonance, as a result of being placed in systems of 
high power and having the large capacitance of a net¬ 
work of underground cables. 

Both of these causes of high-voltage stresses have 
been the subjects of investigation, the results of which 
are also included in this paper. 

A— Voltage Stresses at the Instant of Short 
Circuit 

At the instant a short-circuit occurs on an electric 
circuit that has been raised to some definite voltage, 
the voltage at the point of short circuit drops to a zero 
value, while the voltages at all other points on the cir¬ 
cuit, except those immediately adjacent to the short 
circuit, are still at full value. This results in a steep 
front traveling wave. 

To illustrate our conception of how a steep front 
wave is produced and propagated we have recourse to 
a hydraulic analogy. We do not hold that this hy¬ 
draulic analogy truly represents the electrical phe¬ 
nomenon in all its phases. However, the wave 
produced in the manner about to be described, is a 
true analogue of an electric wave of a steep front. 

Fig. 4 shows a reciprocating pump connected to a 
long pipe line. At a distance from the pump, a dia¬ 
phragm in the pipe prevents free flow of the liquid. 
The pipe line and the diaphragm are stressed as 
indicated (13 and 26 lbs. respectively) and the dia¬ 
phragm is nearly at the rupture point. 
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Fig. 5 shows the conditions at a later instant. Dur¬ 
ing the interval of time which has elapsed the pump 
piston has traveled upward and increased the pressure 
(28 lb.) on the diaphragm sufficiently to rupture it. 
Through this ruptured diaphragm the liquid starts to 
flow due to both the pressure exerted on it by the ex¬ 
panded pipe on one side of the diaphragm and by the 



Fig. 4—System Under Stress Before Rupture 


suction exerted on it by the contracted pipe on the 
other side of the diaphragm. The pipe resumes its 
normal size as fast as the liquid leaves the expanded 
portion and enters the contracted portion. The sudden 
rupture of the diaphragm therefore, causes two steep 


lbs. 

lbs. 


Fig. 5—System Under Stress After Rupture 

waves which travel back toward the pump each with 
an amplitude of one-half the rupture pressure. (One- 
half of 28, or 14 lb.) 

We believed that the same sort of a wave would be 
produced on an electric circuit if the insulation at some 
point were ruptured. In order to prove whether or 
not this would be so, we arranged a circuit as shown in 
Fig. 6 with the sphere gaps, at B, the point at Which the 
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insulation was ruptured. We caused the spheres to 
arc over at 41,000 volts and measured across the loop 
of wire 30 feet long a difference of potential of 15,000 
volts. Now since the circuit had a resistance of 350,000 
ohms while the inductance and the resistance of the 



Fig. 6—Circuit Used to Produce Steep Wave'Fronts 


loop of wire were very low, we believe the fact that 
15°,000 volts could be measured between ends to be 
clear proof that waves similar to those described in the 
hydraulic analogy and shown in Fig. 5 did exist in this 
electric circuit. 

e As in the hydraulic circuit so in this electric circuit 
waves traveling back from the point of rupture, have 
a maximum amplitude of one-half the rupture voltage. 



Fig. 7— No Stress on System 

Therefore, the 15,000 volts measured indicate that the 
wave length was but a little longer than the length of 
the loop which was 30 feet. 

Having shown the manner of production and propa¬ 
gation of steep wave fronts on a circuit we wish next to 
show their effect in producing voltage stresses in a 
reactor. 

To obtain a mental picture of the manner in which 
these voltage stresses arrange themselves in the re- 
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actor, we again present a hydraulic analogy. In Fig. 7 
we show a pump with a pipe line and a long cylindrical 
ring, having a hollow, rectangular cross-section. The' 
ring contains a continuous helical diaphragm so 
arranged in the ring to give the effect of a number of 



turns of pipe having the diaphragm as a common wall 
to adjacent turns. In Fig. 8 we show this same system 
subjected to stress. When the diaphragm in the pipe 
preventing flow of the liquid, is ruptured, steep front 
waves are started, as before described. This is shown 
in Fig. 9. 

In Fig. 10 we show the effect of the steep wave front 


Full Stress 
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Fig. 9—System at the Instant of Diaphragm Rupture 


on the ring. It will be noted that those portions of the 
helical diaphragm between the turns nearest to point 
of rupture are most severely strained, while each of the 
succeeding ones are progressively less strained. 

Now when a steep wave front strikes a reactor in an 
electric circuit the effect of the wave on the reactor is 
very similar to the effect of the wave on the ring above 
described. We have confirmed these conceptions and 
conclusions by measuring the voltage stresses between 
the layers and between the turns of the end layers nearest 
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to the point of rupture, of a reactor, at the instant a 
short circuit is made near the reactor. 

In our investigation, the tests were made with one 



Fi«. 10 —Systkm Aktkh DiaI'hiiaum Has Rupturkd and 
Wavi, Has Kntkrkd Coil 

side of the circuit grounded. With this condition, it 
appeared to us that there would be greater voltage 
stresses in the event that the rupture occurred at the 
end nearer to ground, as shown in Fig. 11 a, than there 
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would be if the rupture occurred at the end farther 
from ground, as shown in Fig. Hi!. 

Our reason for believing this to be so was that t he 
capacity of the bottom layers to ground is greater than 
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that of the top layers to ground. Therefore the bottom 
layers store a greater quantity of electricity. Now 
when a wave strikes a reactor, the rate at which it pro¬ 
gresses inward depends upon the amount of electricity 
that must be discharged. The bottom layers of the 
reactor, compared with the top layers, have a greater 
amount of electricity to discharge and therefore the 


table i 

Distribution of Voltage Stresses between Turns and Layers at the Instant 
of Short Circuit 


Position on 
reactor 

See Fig. 12 

With rupture at 
bottom terminal 
of reactor 

See Fig. U-A 

Position on 
Reactor 

See Fig. 12 

With rupture at 
top terminal of 
of reactor 

See Fig. 11-B 

a —b 

6.4 

p -q 

4.9 

b —c 

7.2 

q -x 

5.3 

c - d 

6.8 

r — s 

5.3 

d -c 

6.4 

s —t 

5.1 

a -/ 

23.1 

0 -p 

20.0 

/ ~Q 

12.1 

II —o 

12.0 

ff ~h 

9.7 

m — n 

9.1 

h - i 

7.9 

l — m 

8.4 

i -j 

7.5 

k -l 

7.8 

j -k 

7.9 

j -k 

6.7 

k -l 

6.4 

i -J 

6.2 

l — m 

5.7 

h -i 

5.5 

mn 

5.7 

a - h 

4.6 

n — o 

5.2 

I -a 

4.4 

o -p 

5.2 

« -/ 

3.7 

a -p 

50.5 

a -p 

50.5 


wave in a given length of time progresses a shorter dis¬ 
tance into the bottom than it would into the top. The 
result is that the wave spans a fewer number of turns 
if it enters the bottom than it would if it entered the 
top, and the stresses between turns and layers are 
therefore greater. 

For this reason tests were made with both connec¬ 
tions “A” and “B” of Fig. 11. 

The sphere gap at B Fig. 11 was spaced to arc over 
at 70,000 volts, and the voltage stresses between the 
various parts of the winding, were measured, by the 
sphere gap M, at the instant of spark-over at gap B. 

In Table I is given the results of the test and in 
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Fig 12 are shown the positions where the voltages 
were measured. 

It will be noted that Table I shows all the layers 
stressed to some degree, while in the hydraulic analogy 
we have shown in Fig. 10, only part of the layers are 
stressed. This is explained by the fact that the table 
gives the maximum stresses that existed during the 
time the wave was progressing through the reactor, 
while the figure shows only, the stresses we conceive to 
exist at the instant the wave reaches the ring. At some 
later instant the wave would have moved further into 
the ring and the stresses between the first two layers 



Fig. 13 —Effect of a By-Pass on Distribution of the 
Stress 


would be reduced, while stresses would appear between 
all the layers. 

Since our object was the study of the reactor under 
the most severe conditions, we made our further tests 
with the rupture at the end of reactor nearer ground. 

We have been interested in determining how a resis¬ 
tor, connected so as to shunt the reactor, would effect 
the distribution of voltage in the reactor. To repre¬ 
sent the addition of the resistor we have shown in 
Fig. 13, a hydraulic analogy of the reactor shunted by 
a resistor. It will be noted that the resistor is repre¬ 
sented by a small bypass. The effect of this bypass is 
to allow the upper layers to discharge some of their 
stored energy without discharging through the lower 
layers. It would be expected therefore, that in the 
reactor the voltage stresses between end turns and 
layers would be somewhat reduced by the shunting 
resistor. We have made measurements of the dis¬ 
tribution of voltage stresses, with a resistor' shunting 
the reactor, and have shown the results in Table II in 
comparison with the results of the measurements on the 
reactor not shunted by a resistor. In Table II is 
shown, also, voltage measurements on the reactor with 


TABLE II (Refer to Fig. 12) 
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intermediate points of the resistor connected to corres¬ 
ponding points on the reactor. The resistor used was 
a carborundum resistance of 1200 ohms at 500 volts, 
having the characteristic of presenting higher resistance 
to low voltages than to high voltages. 

It will be noted that with the resistor connected across 
the terminals of the reactor there is a reduction of concen¬ 
tration of voltage on the end turns and layers and that 
with the intermediate connections between resistor and 
reactor a further reduction is obtained. The per cent 
reduction for each measurement is also shown in the 
the table. 

Summarizing we have shown the following: 

First. That steep waves may be produced by the 
sudden drop in voltage caused by a short circuit. 

Second. That the initial distribution of a steep wave 
across an inductance is determined by the amount of 
energy stored up in its capacity to ground which must 
be discharged in order for the wave to progress through 
the inductance and by the capacity between turns and 
layers of the inductance through which the stored 
energy must discharge. 

Third. That a resistance shunting an inductance 
reduces the voltage stresses caused by steep waves. 

B— Voltage Stresses at the Instant of the 
Interruption of a Short-Circuit Current 

There appears to be no definite method of prede¬ 
termining the voltage stresses that may occur in a 
reactor due to an interruption of a short circuit. The 
voltage that may occur across the reactor depends 
on the switch which interrupts the current, the value of 
the current interrupted, the voltage of the circuit inter¬ 
rupted, and the amount of inductance and electro¬ 
static capacity in the circuit interrupted. 

Probably in the majority of cases the switch itself is 
the safety valve limiting the voltage in the following 
manner. 

When the blades of the switch open an arc 
bridges the gap until a favorable moment and then the 
arc goes out. If the magnetic energy stored in the 
system is still high the voltage across the switch blades 
will rise and, because arcing occurred an instant before 
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between the blades, the arc is reestablished without 
excessive voltage rise and this cycle of events continues 
until the stored magnetic energy has become so low 
and the distance between the blades so great that the 
arc is not reestablished and the circuit is interrupted 
without excessive rise in voltage across the switch or 
reactor. 

In order to obtain a conception of the manner in 
which the different elements affect the voltage stresses 
across reactors, tests were made as follows: 

1. To determine the variation in voltage rise across 
a reactor with the amount of current interrupted. 

2. To determine the effect of different speeds of inter¬ 
ruption of the current on voltage rise. 

3. To determine the variation of the voltage rise 
with the point on the current wave at which the switch 
starts to open. 

The first and second tests were made using direct 
current for the reason that it was of interest to note the 
effect of interrupting current without the presence of a 
large applied voltage. 

The method of test consisted in establishing a current 
in a reactor, then suddenly interrupting the current by 
opening an oil switch and measuring the maximum volt¬ 
age that existed across the reactor during the time the 
switch was opening. 

The voltage was measured by means of sphere gaps 
and also by oscillograph records. In order to multiply 
the voltage to be read with sphere gaps we placed a coil 
of many turns inside of the reactor. This coil was 
linked with part of the reactor flux and the voltage 
across the coil bore a constant relation to the voltage 
across the reactor. This relation was determined by 
arcing spheres across the reactor and the coil simul¬ 
taneously. Fig. 14 is a diagram of connections of the 
circuit used. 

The reactor used for the tests had an inductance of 
0.01 henry. It would introduce ten per cent reactance 
in a three-phase, 60-cycle, 13,200-volt, 200-ampere 
circuit. 
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(1) Variation in voltage rise across a reactor with the 
amount of current interrupted. 

The method of making the tests consisted in 
holding various values of current in the circuit 
shown in Fig. 14 and interrupting the current by 
the opening of an oil switch. Voltages were measured 
by means of sphere gaps. Oscillographs recorded 
the current, in the circuit, the voltage across the 
reactor and a 420-cycle timing wave to determine the 


To Oscillograph 



Via . 14 Circuit User for Current Interruption Tests 


length of time to interrupt the circuit. Two oscill¬ 
ograph records were taken for each value of current. 

The sphere gap voltages were obtained by det ermin¬ 
ing the maximum gap at which the spheres would arc. 

Attention is called to the fact that great variation 
existed in the voltages measured across the reactor 



NUMBER OF SWITCHING TESTS 

Fin. I") Variation oi- Vm/r.voi: With Rhchatkh Kw itchi so¬ 


under apparently constant conditions. It was found 
that after continued operation of the switch the voltage 
measured would he considerably decreased as is shown 
in Fig. 15. Our investigation further showed that if 
the switch stood idle for an hour the voltage reading 
would be high again and we came to the conclusion t hat 
heating of the oil lowered the volt age. We encountered 
other variations in the voltage measured which we 
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could not explain. This necessitated making many- 
more tests than would otherwise have been required. 

In Table III we have given the results of all our 
sphere gap tests. In Fig. 16 we show plotted the values 
recorded in Table III. 


TABLE III 

Sphere Gap Results of Rises Obtained by Interrupting Different Values of 
Direct Current 


Current 

No. of trials 

Voltage crest value 

66 

50 

1700 

134 

50 

2000 

200 

50 

2300 

300 

50 

2300 

400 

50 

2780 

500 

50 

2420 

600 

150 

3560 

700 

50 

2780 


It will be noted that the results do not follow any 
regular curve but they indicate that the voltage rises 
do not increase proportionately with the current. We 
believe therefore that the current is interrupted only 



CURRENT INTERRUPTED AMPS. D.C. 


Fig. 16 —Variation op Induced Voltage With Amount of 
Current Interrupted 

after a succession of fluctuations of the current during 
which time the current is being reduced and that it 
requires a longer time to interrupt large currents than 
it does small currents. The oscillograms taken bear 
out the above conclusions. 
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In Fig. 17 we have shown one of the oscillograph 
records taken and in Fig. 18 we have plotted the results 
shown by all the records. Two points in contrast to 
the sphere gap results will be noted. 

First that the oscillograph data follow much closer a 



Rhj. 17 -Volt auk Across Rk actor Wm:\ Lint-; Switch 


OlM'JNS 

regular curve than do the sphere gap data and second 
that the voltages given by the sphere gaps are higher. 
The only explanation of the former point is that the 
oscillograph curves are the result of two readings for 
each current while the sphere gap points are flu* maxi 



^ ni * I,S ^ ‘UTMH. At m» Rl U lull \Vt*| \ J,!M Swill II 
< U'j v 


mum of many muling*. Wo believe I hat f ho reason fur 
the lowei voltages n«.*oriJ<»«| by Iht* oscillograph is that 
the inertia of the moving element of the machine dal 
not allow it to follow the .steep waves completely. 

The conclusions to he drawn from these remit Care 
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that there is not a corresponding increase in voltage for 
a given increase in current interrupted. In other words 
for similar conditions the voltage obtained with 600 
amperes interrupted is not twice as great as for 300 
amperes. 



(2) Determination of the Effect of Different Speeds of 
Interruption of the Current on the Voltage Rise. This 
investigation consisted in measuring the voltage rises 



Fig. ?0 Variation of Voltage With Time Required to 
Interrupt the Circuit 


due to interruptions of the current with slow, medium 
and quick acting switches. To obtain the different 
speeds of operation we used several types of switches. 

We varied the speed of operation of a standard three- 
phase switch by connecting all three phases in series 
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thereby inserting three gaps in the circuit when the 
switch operated and also by connecting only two phases 
in series. 

We measured the voltages by sphere gaps .and also 
by oscillograms. Fig. 19 gives the results shown by the 
oscillograms. Table IV gives the sphere gap results 
and in Fig. 20 these values of sphere readings are plotted 

The oscillograms indicate that the voltage increases 
■with the speed of the switch which is what should be 
expected. On the other hand the sphere gap measure¬ 
ments which are comprised of many more tests do not 


TABLE IV 

Sphere Gap Results of Voltages Obtained by Interrupting 600 Amperes 
Direct Current with Different Switches 


Switch used 


Standard switch with three 

phases in series. 

Standard switch with two 

phases in series. 

Experimental switch with loose 

spring.,. 

Experimental switch with tight 

spring.. 

High-voltage switch. 


No. of trials 

* Seconds to 
open 

Voltage crest 
value 

50 

0.0425 

3620 

50 

0.0480 

3620 

50 

0.036 

2920 

50 


2920 

50 

0.025 

1960 


*The time required to open switch was obtained from the oscillograph 
records. 


show any consistent tendency. We come to the con¬ 
clusion that the voltage across a reactor due to an in¬ 
terruption of current by an oil switch is not a constant 
and varies in an erratic manner that we are unable to 
explain. An examination of the records shows that at 
earlier periods the current was on the point of being 
interrupted. A small change in the oil might have 
completed the interruption at the earlier period, accom¬ 
panied by consequent higher voltages than actually 
was the case. 

(3) Determination of the Variation of the Voltage rise 
with the Point on the Current Wave at which the Switch 
Starts to Open. These tests were made with alternating 
current at 25 cycles. The circuit of the trip coil of 
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the oil switch was so arranged that a finger attached 
to the shaft of the generator in revolving made contact 
and completed the circuit of the trip coil causing the 
circuit to open. The finger was arranged to take 10 
diffei ent angular positions on the shaft, each correspond¬ 
ing to 18 electrical degrees apart. By this means it 
was possible to open the circuit at points on the current 
wave 18 degrees apart. 

The \oltage across the reactor was measured with 
the current interrupted at each of these 10 points by 
oscillograms and by sphere gaps. The voltage held 
across the reactor was 1000 volts and the current flow¬ 
ing was 600 amperes. The frequency was 24 cycles. 

Fig. 21 shows one of the oscillograms taken and Fig. 

22 shows the results of the oscillograms plotted. Fig. 

23 shows the sphere gap results plotted. 

The results of these tests were much more consistent 
than those of the direct-current tests. We did not find 
any definite relation between the various timings of 
the opening of the switch and the voltage rise. Appar¬ 
ently the voltage measured was the reflection of the 
applied voltage—1000 volts V2~X 2 or 2840 volts 
crest value. 

It is to be noted that the oscillograms all show that 
the current was finally interrupted just after passing 
through the zero and that one-half a cycle earlier it had 
tried to open. The conclusions from these tests are 
that the crest voltage across the reactor rises to two 
times the crest value of the applied voltage at the time 
of interruption of the current. 

The reason that double voltage occurs across the 
reactor at the instant of the interruption of the circuit 
we believe to be as follows: 

The circuit is interrupted when the current is nearly 
zero and, therefore, changing at its most rapid rate. 

or this reason the impressed voltage is at its maximum 
value and is all being consumed in overcoming the 
counter voltage of the inductance of the circuit. At 
the instant the current is interrupted the impressed 
voltage is available for charging up the capacity of 
the switch and in doing so draws charging current 
through the inductance of the circuit. When the 
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switch is charged up to the full circuit voltage the 
charging current is maximum and, due to the inertia of 
the inductance through which it passes, continues to 
flow until the switch is charged up to double normal 
voltage. In the resultant oscillation due to the switch 
discharging from double voltage to normal voltage, 
double voltage normal voltage is placed across the re¬ 
actor. 

Our conclusions drawn from this investigation of 
voltage stresses due to interruption of short-circuit cur¬ 
rents are as follows: 

First. The voltage obtained across a reactor due to 
the interruption of direct current is independent of the 
applied voltage and depends on the current to be inter¬ 
rupted and the rate at which it is interrupted. 

Second. The voltage across a reactor due to the 
interruption of alternating currents with commercial 
switches is in general independent of the current inter¬ 
rupted and depends on the impressed voltage. If, how¬ 
ever, the circuit is opened by a switch so quick acting 
that the current is interrupted before it can reach its 
zero value in accordance with its normal curve then the 
voltage will depend on the current interrupted and the 
rate at which it is interrupted. 

C. Voltage Stresses on Reactors Due to Impulse 
Waves Induced on a Transmission Line by 
Lightning Discharges 

Before considering the results obtained during these 
investigations we wish to show the analogy between the 
circuit used in the tests and a hydraulic system. 

In Fig. 24 is shown a pipe system, under pressure 
from a pump. Arranged as shown are three dia¬ 
phragms. Two of these diaphragms D' D' are equally 
flexible and the third D" is relatively stiff. In the 
pipe line between, the flexible diaphragms is shown a 
long cylindrical ring analogous to a reactor. Pressure 
on the system is increased to the rupture point of the 
stiff diaphragm D". When D" ruptures, the imme¬ 
diate effect is to reduce the difference of pressure at this 
point to zero. The pressure further away has not yet 
changed due to the inertia of the water in the pipes. As 
the water progressively gets in motion, to bring about 
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a balanced condition again, waves are formed, propa¬ 
gate along the pipe to the flexible diaphragms and re¬ 
lieve the stress on the pump side of each. Then due 



Fig. 24—Hydraulic Analogy ok Circuit Usrd to Proih ck 
I m puls 10 Volt agios 

Heavy line shows condition of stress at instant of rupt ure, Dotted Hue 
shows condition of stress when wave is about to enter reactor. 

to the tendency of the diaphragms to take an unstressed 
position the pipes on the far side of the diaphragms are 
stressed and the waves continue to travel on toward t he 
cylindrical ring. 
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Resistor 
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T -- OO-cyelo transformer. 

H It — Protective resist,a.nee for transformer. 

Sphere gap 7f> cm, diameter. 

C C —Condensers -0,0012 microfarad each. 

M sphere gap i»f> cm. diameter. 

Osip A adjusted for voltage stress on cireuit. 

Voltage raised on T to spark-over of , t. 

(#ap M adjusted to measure voltage at reactor. 


Fig. 25 shows the electric circuit used in the tests, of 
which the pipe system described above is analogous 
When the gap “A” arcs, waves are set in motion 
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which propagate back, relieving the stress on all wires 
on the transformer side of the condensers and stressing 
the wires and reactor, hitherto unstressed to the full 
voltage to which the condensers had been charged. 

The effect of the waves in stressing up the reactor, is 
similar to the case described in Section A, with two 
exceptions—first, both ends of the reactor feel the 
impact of the waves, and second, the wave front is not 
so steep due to the longer conductors involved in this 
case. 


-The conditions of this test are very similar to those 
of an impulse on an overhead line, caused by a light¬ 
ning discharge close to the line. Voltage stresses pro¬ 
duced in the reactor in these tests are similar to those 
caused by lightning impulses. 

This investigation of the effects of impulse waves 
applied to a reactor is divided as follows: 

1. Effect of shunt resistance on the voltage across a 
reactor. 

2. Effect of shunt resistance on the distribution of 
voltage stresses in the reactor. 

3. Effect of extra end turn and layer spacings on the 
stresses in reactors. 

1. Effect of Shunt Resistance on the Voltage across a 
Reactor. The reactor used in these tests was rated 60 
cycles, 705 volts, 177 amperes for use on a 24,400-volt 
system. See Fig. 26 for cross-section of winding show¬ 
ing spacings. 

Referring to Fig. 25. The sphere gap “A” was 
spaced to give impulse stresses on the reactor sufficient 
to cause sparking between layers. With the same spac¬ 
ing held on gap “A” various resistors were connected 
across the terminals of the reactor'and the voltage 

acro ^* reactor was measured by means of the sphere 
gap M 


, UdAe *; n jetton v^viiueu me iunction of tj 
resistor and in Fig. 13 have illustrated its use. 

The following resistors were used. 

1- A water resistor of 3000 ohms. 

2. A non-inductive metallic resistor of 1190 ohms. 

3. A non-inductive metallic resistor of 780 ohms. 
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4. A resistor made up from carborundum rod units of 
2400 ohms at low voltages. 

In Table V are given the values of voltage measured 
across the reactor, with each of the various resistors 



Fig, 26 Fig. 27 


shunting the reactor, and also the voltage across the 
reactor without shunt resistance. 

It will be noted from the results in Table V that the 
carborundum rod resistor, although it had a high resist- 


TABLE V 


Shunt Resistor 


Ohms 


Voltage across reactor 


No. resistor 
1 
2 

3 

4 


360 kv. 


3000 

1190 

780 

2400 


330 

312 

300 

83 


ance, effected the greatest reduction of the impulse 
voltage across the reactor. 

The reason for this is that this resistance is manufac¬ 
tured from finely divided conducting and non-conduct¬ 
ing materials. The conducting particles are to a great 
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extent held apart by the non-conducting mat erial. Fol¬ 
low voltage, the current takes a devious path through 
the rod along which the carbon particles make contact., 
while at high voltage, the current, takes a direct path, 
arcing between conducting particles. This resistor, 
then, has a high resistance for low voltage and a much 
lower resistance for high voltages. 

2. Effect of Shunt Resistance on the Distribution of 
Voltage Stresses in Reactors. The effect of a resistor 
shunting the reactor is to reduce the internal stresses 


TABI,K VI 

Stresses Between Layers 


Part- of reactor 
measured 
see Fig. 26 

No shunt 
resistor 

Top 


a -tj 

41). r> 

if -h 

53 . 2 

h -i 

40.7 

i _y 

30.2 

j ~ k 

42.7 

k -l 

so.r* 

l -m 

38.5 

rn - n 

5 2.4 

n - o 

50. 1 

a — o 

320 




siurnt ivsi 

;stor 

Shunt n 

i'sister 

: 2400 

ohms :| 

rarfio 

3000-ohm wafer 

J nmdtim ?•« 

His, 

resist ain’t 

* across 

| Across fertmualn 

terminals 

j and * 

*« tunnel 

ed in 

of reuetor onl,\ 

i at 

middle 

of 



J reaei 

.1 

for win 

ding 

42 

0 

1 

J4 7 


32 

. 7 


!.» s 


20 

it'* 

.0 


15 5 


24 

. 5 


12. 4 
i 4.7 


24 

5 


10. H 


25, 

4 1 


13 5 


30, 

0 j 


14 5 


41 , 

0 


14 M 


200 






considerably and the stress across the whole winding 
to a greater degree. This may be readily explained by 
a reference to^ the hydraulic analogy shown in Sect ion 
A, Fig. 13. The bypass pipe as shown has a small 
cross-section and a short length. The volume of waf er 
in the pipe is relatively small and is easily set in mot ion. 
Ihxs will reduce the difference of pressure between the 
ends of the bypass. On the other hand, due to the 
comparatively small cross-section of the bypass pipe 
it does not drain the water from the connected"chambers 
as quickly as the water drains from the chamber which 
the wave first reaches. Nevertheless, the reduction 
which is effected is considerable. 
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We show in Table VI the data obtained from meas¬ 
urements of internal voltage stresses on the reactor 
shown in Fig. 26 with and without resistance shunting 
the reactor. 

The conclusions that we draw from the values in the 
table are twofold. First, that the resistance shunting 
the reactor reduces the voltage stresses and second, 
that a resistor with the characteristics of smaller resist- 


TAIiLK VII 


Part of react or 

Reactor 1 

Top two layers. 

33.a kv. 

3d and 4th layers. 

23.4 

5th and 6th layers. 

21. a 

7th and 8th layers. 

22 .4 

9th and 10th layers... 

24,4 

11 th and 12Mi layers. 

22 .4 

13th and 14th layers. 

24.4 

15th and 1 (5t.li layers. 

27.3 

Bottom two layers, .. 

40,4 

Whole winding. 

101 

j 

Top layer. 


1 st turn.. 

a. h 

2 nd turn... 

i\ 8 

3rd turn. 

<1,4 

4th turn. 

3,4 

5th turn..... 

3,4 

Bottom layer.. 


1 st turn... 

7.2 

2 nd turn. 

8 , a 

3rd turn. 

a ,h 

4th turn. 

0 ,4 

5th turn. 

3.4 


Reactor 


2(1, 0 
2a. o 
21 0 
28.2 
22.0 
25.0 
25.0 
31 .0 

101 


4 , V 
5.8 
4 2 

3 a 
3 a 


a. a 
a k 
4, 7 
»,« 
:i.o 


ance for high voltages than for low voltages gives 
greater reduction than one with a constant resistance, 
3. Effect of Extra, End Turn and Layer Sparing on the 
Stresses in Reactors. We have measured the distribu¬ 
tion of voltage stresses produced by impulse voltages 
in two reactors, one having extra spaced end turns and 
layers and the other having uniformly spaced layers 
and turns. Fig. 26 is a cross-section showing t he spac¬ 
ing between turns and layers, of the reactor with extra 
spaced turns and layers which we will hereafter call 
No. 1 and Fig. 27 is a similar cross-section for the other 
reactor which we will call No. 2. 
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In Table VII are given the voltage stresses between 
layers and turns in reactors No. 1 and No. 2. The 
connections of the circuit used in these tests are shown 
in Fig. 25. 



fiG. ?S Voltage Distribution Between Layers Due to 
Impulse Wave 

Pomts o — Reactor with extra spaced end turns and layers. 

Points x Reactor with uniform turn and layer spacings. 

The data of table VII are plotted in curves Fig- 28 
and 29. s 

The explanation of the difference of distribution of 
stresses in the two reactors, is, that the extra spacing by 
reducing the capacitance between the layers and turns 



vjr* 


v U-LiAGE DISTRIBUTION BETWEEN End TURNS Due 

to Impulse Wave 

PohS r ~~ ^ ea 1° r extra spaced end ^rns and layers, 
omts x — Reactor with uniform turn and layer spacings. 


caused a greater proportion of the voltage to be con- 

wf L acr ?f the extra Spaced P° rti °ns than would 
have been the ease if they had not been extra spaced. 

The extra spacing of turns and layers is equivalent. 
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in the hydraulic analogy Fig. 10 to increasing the stiff¬ 
ness of the diaphragm at the ends, thereby increasing 
the stress at these points. 

We also investigated the effect of extra end turn and 
layer spacing on the strength to withstand impulse 
voltages. The tests were made using the circuit shown 
in Fig. 25. The two reactors, No. 1 and No. 2 were 
connected in parallel and impulse waves applied to 
them. Gap A spacing was adjusted to cause spark¬ 
ing between layers. The performance of each reactor 
was noted. The results are shown in table VIII. 


TABLE VIII 


Impulse Voltages 
across reactors 

Arcing between layers 

Reactor- 
No. 1 

Reactor 

No. 2 

495 Kv, 

arcs 

arcs 

371 kv. 

arcs 

few arcs 

360 kv. 

arcs 

no arcs 

336 kv. 

no arcs 

no arcs 


Although the difference indicated in Table VIII 
is not large it is in favor of the uniformly spaced reactor 
and when it is realized that the reactor with extra 
spaced layers and turns actually had greater ins ula tion 
clearances than did the other reactor, the value of extra 
spaced end layers and turns appears questionable. For 
reactor No. 1, the sum of the layer spacings is 24 in. 
For reactor No. 2 the sum of the layer spaces is 18 in. 

The conclusions we have drawn from these impulse 
wave tests are as follows: 

I irst, impulse waves may cause concentrated stresses 
in a reactor. The distribution of these stresses between 
turns and layers of the reactor depends upon the dis¬ 
tribution of capacitance between layers and turns of the 
reactor and upon the wave shape. 

Second, resistance connected to the reactor winding 
effects a reduction of these voltage stresses. The 
amount of reduction depending upon the magnitude of 
the resistance. 




8 F . H KIERSTEAD AND ROYAL MEEKER [July 1 

ThirH . 

reactor ' extra s P acm S of la y ers and turns at the ends of 
age st Wlndm gs causes greater concentration of volt- 

incr*»» -° n those extra spaced parts - Apparently no 
eased insulation strength is gained. 

* Voltage Stresses in Reactors due to 
Resonance 

let u«f 0]re } oobdn S into the theory of electrical resonance 
dav lif eview a mechanical resonance familiar in every- 
witL r. - b,eb us ^ abe ease °f a slender flag pole 
UBDe ^ bal1 on top of ^ an d with a rope attached to the 
nr» +if ■ Part * Now su PP°se a boy exerts a feeble pull 
Dole 6 re°? e the result wil1 be a slight bending of the 
tenri* +- slackens his pull on the rope the pole will 

j i. ° spnn g hack to its original position, but due to 

luf?° mentUm ’ wiI1 bend in the reverse direction almost 
Sa i ne extent that the b °y be nt it in the first direc- 

noshiS t S en WiH again tend t0 s P rin g to its original 
position Suppose at this time the boy exerts another 

I on the rope, then his pull be timed so as to add to 
.' ie auiount the pole bent due to his original pull. It 
is clear then that by a series of well-timed but very 
small pulls the boy will be able to cause the pole to 
vibrate to and fro very violently, and that the ult im ate 
bending- would be far in excess of the bending the boy 
could produce by exerting a steady pull on the pole. 
it. is apparent, therefore, that strains could be caused 
by the boy's feeble pulls which would cause a pole to 
break: although it would safely withstand the very 
much greater steady pressure put upon it by the wind. 

Let ns now turn our attention to the subject of elec- 
ti ical resonance, and consider just what such resonance 
is. Let us first take the simplest case which would consist 
df a generator with an inductance and capacity in 
sei ies across its terminals, and draw an analogy between 
this electrical circuit and the mechanical resonance 
case described in the above paragraph. The boy pull- 
ing the string in the previous case is in this case the 
generator. The ball on top of the flag pole is in this 
case the inductance, and the elasticity causing the flag 
pole to spring back when the tension on the cord is 
relaxed is the capacity. Now as in the case of the flag 
pole which had a definite rate of vibration depending 
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upon the elasticity of the pole and the weight of the 
ball so likewise this electric circuit has a definite rate 
of oscillation depending upon the value of its inductance 
and capacity. The rate at which the boy pulls the 
string'in the first case is in this case the frequency of 
the generator. In the first case when the boy timed his 
pulls in accordance with the natural vibration of the 
pole then he caused excessive stresses to be placed upon 
the pole. In this latter case if the frequency of the 
generator is timed in accordance with the natural 
frequency of oscillation of the inductance and capacity 
excessive voltages will appear across each. 

Up to now we have not considered at all the nature 
of the generator. It is clear, however, that this is not 
important so long as it generates alternating or pulsa¬ 
ting current at the natural frequency of the inductance 
and capacity. If a large condenser be charged up and 
then allowed to discharge through an inductance it will 
be a generator of alternating or pulsating current, the 
frequency of which may be made any value depending 
on the inductance through which it is discharged. 
Therefore, if a circuit containing a capacity in series 
with an inductance is placed across the condenser just 
described we have all the conditions necessary to 
produce resonance. In other words we have a gen¬ 
erator of pulsating or alternating current placed across 
an inductance and capacity in series, and all that is 
necessary to produce voltages higher than the applied 
is to vary the frequency of the generator until it is 
approximately equal to the natural frequency of the 
inductance and capacity. (See Fig. 30). 

Now in case of the flag pole we have three limiting 
conditions: First, the boy may continue to pull and 
increase the amplitude of the vibration of the pole until 
the pole breaks, second, the pole may be strong enough 
so that it continues to increase its amplitude of vibra¬ 
tion up to the point that the friction of the bending of 
the pole is equal to the energy delivered by each pull of 
the rope, and third, the boy may become exhausted 
before either of the first two conditions are reached. 
In our case of electrical resonance there are also these 
three limiting conditions, first, the insulation of the 
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inductance or capacity may break down, and there¬ 
fore relieve the strain, second, the resistance loss may 
become equal to each individual impulse of energy 
delivered by the generator, and third, the generator 



Fig. 30—Three Means of Producing Resonance 

may become exhausted by the discharging of the con¬ 
denser before the first two conditions are reached. 

Let us now consider how these resonating circuits 
can be obtained in an ordinary generating system. For 



the sake of simplicity let us take a single-phase system, 
the phenomenon holds equally well for a three-phase 
system but involves a more complicated diagram. 
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Referring now to the diagram in Fig. 31 we have 
indicated by G a generator, by C x the capacity of 
a long underground cable line leading for example 
from a generating station to a substation, by L x 
the inductance of a feeder, not having a reactor in 
it, by B a short circuit on the feeder causing arcing, 
by L x a feeder reactor in another feeder and by 
Ci the capacity of this feeder. Now C x is a very large 
condenser, and when arcing occurs at B this condenser 
discharges through L x and B in an oscillatory manner 
and therefore becomes a generator of alternating or 
pulsating current, the frequency of which depends upon 
the value of L x . The circuit containing the inductance 
Li and the capacity C 2 is across this generator and, if 
the frequency of this generator is approximately equal 
to the natural frequency of the circuit containing L 2 
and C,, then resonance occurs and voltages will be built 
up across L» and CL, in accordance with the three con¬ 
ditions described above, namely: First, until C 2 or L 2 
breaks down relieving the strain, or second until the 
resistance loss in the circuit L 2 C 2 is equal to the energy 
of each impulse delivered to it, or third, until the con¬ 
denser Ci is entirely exhausted by being discharged. 
Therefore, either C 2 or L 2 must break down if the ca¬ 
pacity of Ci is high enough and the resistance of the cir¬ 
cuit is low enough. 

It is important to note that Ci in Fig. 31 ma y be 
made up of the capacity of several underground feeders 
and tie lines not having reactors in them. Another 
diagram of a circuit in which resonance can be obtained 
is shown in Fig. 32 in which C 2 is the capacity of the 
busbars and generator, L 2 the inductance of the feeder 
reactor, C x the capacity of the feeder cables and L x the 
inductance of a current transformer. In this case Ci 
is the condenser acting as the generator and delivers 
impulses of energy to the circuit containing C, and L- 2 . 

The remedy for preventing high resonant voltages 
is apparent from consideration of the method of pre¬ 
venting the flag pole referred to above from being 
thrown in such violent vibrations. This obviously is 
obtained by making the energy loss during each vibra¬ 
tion equal to the energy of each pull. For instance, if 
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it were possible to immerse the flag pole in water, the 
energy loss in the pole whipping backward and forward 
would be very large and with very small amplitude 
would equal the pull of the boy. The same result is 
accomplished in the electrical resonance by shunting 
the reactor with resistance. For as the voltage com¬ 
mences to rise across the reactor, and, therefore, across 
the resistor, the energy loss in the resistance becomes 



.fciG. 3? Diagram of Resonating Circuit 

high and soon the energy loss per oscillation reaches 
the energy input per oscillation from the condenser 
It will be remembered that we have stated that one 
ot the conditions limiting the extent to which the reso¬ 
nant voltage might rise was the exhaustion of the con¬ 
denser that acts as the generator; that is, C x in Fig. 31. 
We wish now to explain briefly how this occurs and 
how the limiting voltage may be arrived at. 

We have seen how the voltage across C 2 and X, 2 in 
ig. 3i has increased, due to resonance, above the ap- 

V"Ty- Now if c < increased in voltage it 
also has had the energy stored in it increased because 

tion 87 St ° red m a condenser is g^en by the equa¬ 
te = 1 / 2 E 2 C 
where W is the energy stored 

E is the voltage across the condenser. 

C is the capacity of the condenser. 

sQuare^fThp? 6 6nergy st ° redhas increased as the 
square ot the increase in voltage. 
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Now this increased energy must come from C 1 just 
as in the increased energy of the vibrating flag pole 
comes from each of the boy's pulls on the rope. Fur¬ 
thermore, just as the boy cannot increase the amplitude 
of vibration of the flag pole, after he is exhausted, so 
neither can Ci increase the voltage across C 2 after it 
has exhausted all the energy stored in it. Therefore 
the limit of voltage increased would be when all the 
energy stored in C i has been delivered to C 2 . 

The energy stored in Ci is given by the equation 

w, = ~ E.* Ci 

where W x is the energy stored in C x and E, is the in¬ 
stantaneous voltage at the instant the discharge starts. 

The energy stored in C 2 at the start of the discharge 
is 

Wz 3 = ~ 2 ~ C 2 

where W 2a is the energy stored in C-> at the start of the 
discharge. 

When all the energy stored in C x has been delivered 
to C 2 the energy stored in C 2 is as follows. 


W 2m = W 1 + W u = —E.HCi + Ci) = A-E 2m > Ci 

Yi 2 

where W 2m is the maximum energy stored in C 2 

E 2 m is the maximum instantaneous voltage 
across C 2 . 

The maximum instantaneous voltage across C 2 can 
be expressed as follows: 


Ei m = 


2Wjm 

Co. 




and the ratio of the maximum instantaneous voltage 
across C- 2 to the instantaneous voltage across C 2 at the 
start of discharge is given in the equation below 


E, 


Ci ■■+ Ci 

Ci 
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^ Now it may be possible that the generator might be 
able to furnish energy for the increase in resonant 
voltages (in which case the above ratio would be much 
too low; but we believe that this is not so, and experi¬ 
mental data which we will show later seem to confirm 
this. 



practise for C To dr ’ ,7° Uld never be possibIe in 
practise for C 1 to deliver all its energy to C 2 because in 

“ lt t0 ddiVer any energ ^ il is necessary for C, 

a largfpXf th n e and during this oscillation 

a iar e part of the energy stored is dissipated as P R 

> P 4 £ ow p™ our attention to the experimental 
data which we have obtained and note hZ> 7 
with the discussion above. aCCOrds 

Fi J e 3T tS and"a e is b o een t7 ade b0th ^ circuits as shown in 
* ig. d 1 and also with circuits as shown in Fiv 39 Thl 

generator wan rated three-phase, eight poles 60 cyd« 




TABLE IX 
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500 kv-a., 900 rev. per min., 2300 volts. The trans¬ 
former was rated single-phase, 60 cycles, 500 kv-a., 
11,000-2300 volts. Ci, Ci, L x and L 2 all were varied 
and their values are given with voltages measured. 
The method of test consisted in setting the gap B for 
a definite spark-over voltage and then raising the 
voltage until spark-over occurred and reading the 
.voltages by sphere gaps across Ci and L 2 . 

In Fig. 33 we have shown five resonant voltage 



Fig. 34 —Curve Showing Influence of Capacity on Reso- 


nant Voltages 


curves taken under different conditions as noted on the 
figure. 

It will be noted that the circuit shown is identically 
the same as the one shown in Fig. 32 before referred to 
as a resonating circuit. The applied voltage in these 
tests was 13,000 volts and the highest voltage measured 
across L% was 38,000 volts. These curves are of 
interest as showing how the voltages vary with the 
different constants. It is to be further noted that 
although the curve does not show it the voltage across 
C 2 under conditions that made the voltage across L 2 
maximum was always equal to the L 2 voltage. 

In Table IX we have given the resonant voltages 
which we have obtained with circuits shown in Fig. 31 
and Fig. 32 having various values of L u L a , C x and C 2 , 
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both with and without a carborundum resistor of 2400 
ohms shunting the reactor. 

It will be noted that we have measured voltages 
across L 2 and also C 2 as high as 9.4 times the applied 
voltage and that with a carborundum resistor shunting 
the L 2 the voltage measured across L 2 was less than 
the applied voltage and that across C 2 was equal to the 
applied voltage. 

In Fig. 34 we have plotted the ratio of the resonant 

voltage to the applied voltage against J — + -^ 2 —. 

^ C 2 


It will be noted that the ratio of voltage is lower than 
y] —--- and bears a relation to it. This is in 


accordance with the discussion above. 

The outstanding features of the investigation covered 
in this section of our paper are threefold. 

1. Resonant voltages were obtained with circuits 
similar to those used in electric generating and dis¬ 
tributing systems. 

2. Resonant voltages in circuits having high capacity 
were enormous and the higher the value of 

C1 + C2 

> c 2 

the higher was the voltage. 

3. High resonant voltages were entirely e limina ted 
by a carborundum resistor having 2400 ohms resistance. 
In closing we wish to call attention to a series of events 
that are linked together and which will cause destruc¬ 
tive stresses in reactors. 

Let us consider a system having a circuit similar to 
that shown in Fig. 31. Now suppose a short circuit 
occurs at B and the oil switch starts to open. Voltages 
equal to two times the normal voltage may pile up on 
the switch and also charge up all condensers connected 
to the busbars to double voltage; that is, Ci is charged 
up to two times normal. The arcing may be reestab¬ 
lished between the blades of the switch due to double 
normal voltage. The short circuit is completed again 
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by the arcing and the capacities all discharge again 
from double normal voltage; that is, C x discharges 
through B from double voltage. High resonant volt¬ 
ages may be built up across the reactor. Suppose the 
constants of circuit L 2 and C 2 are right for five times 
the applied voltage and since the applied voltage is 
now two times normal because C x is charged up to 
double voltage, ten times normal voltage is placed 
across L, and also across C 2 . If due to this abnormal 
voltage C 2 should puncture steep waves would enter L 2 
as described in section A (that is, waves due to a sudden 
drop in voltage) resulting in tremendous stresses on L 
The conditions on such a system may be fatal but 
can be rendered safer by the installation of current- 
limiting reactors in places indicated by L x which 
repi esents the inductance of the line. Furthermore, 
on the assumption that L x is replaced by current- 
lmiting reactors, the factor of safety of the entire 
system can be increased to a considerable degree, by 
shunting the reactors with resistors. 
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Discussion on “Voltage Stresses in Reactors in 
Service” (Kierstead and Meeker), White 
Sulphur Springs, W. Va., July 1, 1920. 

J. F. Peters: If I understand the authors, it is 
their principal intention to show the voltage stresses 
that are developed in reactors, under abnormal con¬ 
ditions. It is my personal feeling that too much stress 
is placed on conditions that may never be met in 
practise. In fact, in several instances I feel that they 
are conditions that can not be met on an underground 
distributing system, even though a direct effort be 
made to get the worst possible combination. 

Before explaining my views on that, I would like to 
refer to several other points in the paper. Referring to 
Fig. 6, it is not clear to me why that combination of cir¬ 
cuits will give a surge having a wave of 30 ft. in length. 
Asiar as I can see that is a case of constantly applied 
voltage to an inductance and a resistance in series, in 
which case the voltage across the inductance decreases 
according to a logarithmic law. 

The reason, in my opinion, as to why the total of 
41,000 volts was not measured across the small gap is 
due to the small inductance of the loop and the rela¬ 
tively large capacitance between the terminals of the 
loop. I believe that practically any voltage, less than 
the 41,000 could be obtained across the small gap by 
changing the electrostatic conditions around the ter¬ 
minals of the gap. I can see no relation between the 
length of the loop and the length of the wave, for un¬ 
doubtedly the length of the wave would be dependent 
on the inductance of the circuit. Let us assume, in¬ 
stead of being a loop it is 15 feet out and 15 feet back 
on itself, the loop still remaining 30 feet in length. Do 
you still have a voltage wave of 30 feet? 

Referring to Section C, and particularly to Fig. 25, 
m all probability if that circuit was applied to a commer¬ 
cial system, there would be some kind of apparatus 
just back of the inductance, perhaps a generator, and if 
there is going to be any 360,000-volt surges coming in 
over the line, it probably would be a sad story to tell if 
the surge was permitted to bump into the inductance 
of the generator. It would undoubtedly be vastly 
better to have a reactor in the circuit that would re¬ 
flect the surge back on the line, and leave it to dissi¬ 
pate its energy in the resistance of the line. If a re¬ 
actance was placed in the circuit and shunted by a 
resistance, such as the authors indicate in No. 4 of 
Table V, when a 360,000-volt surge comes in over the 
line, and 83,000 volts across the reactance, what be- 
came of the other 277,000 volts? The answer is obvious 
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—that voltage is permitted to pass by the reactance and 
permitted to bump into the apparatus back of the 
reactance. It is easier to insulate a reactance for surges 
that come in over the line than to insulate generators or 
transformers for corresponding surges. Referring to 
the top of page 1313, concerning the2400-ohmresistance 
that was used, Mr. Kierstead stated that it is 2400 
ohms at 500 volts. I would like to ask Mr. Kierstead 
what the ohmic value of the resistance would be with 
7000 volts across it, that is, the voltage that would be 
across it if it were installed in a 13,000-volt ,3-phase 
system, under short circuit? Of course, under those 
conditions, the function of the reactor is to limit the 
current, and it is desirable to make the combined 
impedance-ohms under those conditions as high as 
possible, and I was wondering if the resistance would 
appreciably decrease at 7000 volts and by-pass much 
current? 


Referring to the extra spacing on the end turns of 
reactors, it is interesting to note that as the spacing 
between ena turns is increased the voltage across 
these end turns also increases. The increase in voltage 
is not m proportion with the increase in spacing For 
instance referring to Table VII, Coil No. 1 has 6.8 kv 
across the first turn,_ with a spacing of one and five 
thirty-seconds inch, coil No. 2,4.7 kv., with a spacing of 
^ m the ratio of the two voltages is 1.45 and the 

ratio of the spacing is 3.1, so that the improvement in 
double 11 atl ° n ° f the 6nd tUrn is a little better than 


‘Z : LU , Lne suoject Ot resonance is a 

matter that we should look into very carefullv. On a 

cimfiS ting , s y stem we can get many combinations of 
circuits, and sometimes very peculiar things happen. 

However, I believe that m many cases we accuse and 
^n^Ki reS °^ an?e of for which it is not at all re- 

Efj ri- In investigating the conditions on a com¬ 
plicated distributing system, it is practically out of the 
question to get a mathematical analysis, since many of 
the factors are mdeterminates. So we are left to work 
? U .I ex penrnen tally, and in making up our circuits 
and in working it out experimentally, it is verv im- 
portant that we get conditions that actually represent 
conditions on the system. y re P resent 

coSo7a a T^?f ig ' 3 ?>- 1 daim that this is not a 
condition that will be met m practise. For instant 

StTSotS 6 ? 10M ha ™* SS 

iiuxig reactor L 2 and the other no current li-mifiV.™ 
reactor. If it is necessary to install a reactor in one it 

are HEMS '£*£±1 
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disappeared, because then Li will approximately 
equal L 2 and Ci will approximately equal C 2 and there 
is no building up of voltage in transferring from one 
condenser to the other. 

However, if we assume the condition shown in Figs. 
31 and 32 can be produced, still I claim that the con¬ 
ditions given in the paper will not be obtained, especially 
on an underground system, because in building up 
that voltage, the current involved in transferring the 
voltage from one condenser to the other, passes through 
quite a number of cycles, and in doing so, considerable 
energy is absorbed in the dielectric losses of the cable 
before the energy is transferred and for every cycle a 
large amount of energy is absorbed, and before the 
energy is transferred to the other condenser it is prac¬ 
tically all absorbed. 

It is very difficult in the laboratory to study circuits 
that represent commercial circuits, because it is diffi¬ 
cult to imitate the capacitance and dielectric losses of 
lead covered cables. To do that, and represent a 
commercial circuit would probably require 20 miles of 
cable or perhaps 100 miles of cable, and it is not possible 
to represent these cables, by any other kinds of con¬ 
densers, since the loss of the cable goes up, not only with 
voltage but also with frequency, and to my mind it 
is rather clear, from Fig. 33, that the circuit set up 
did not have anything of the order of dielectric loss 
in the condensers that would be met with in commer¬ 
cial circuits. 

Philip Torchio: On this question of surge voltages 
on systems, especially on underground systems, from 
our experience it is practically proved that breakdowns 
are ultimately, if properly analyzed, due to some defect 
m the piece of apparatus and not to surges and steep 
wave voltages. During the experience we have had 
with^ the operation of reactors, we have never had 
any instance of trouble due to steep wave voltages on 
reactors. However, this subject of protection, as 
Messrs. Kierstead and Meeker suggest is very interest¬ 
ing. 

My attention was first called to this system of pro¬ 
tection at the time of the International Electrical 
Congress m Turin in 1911. Mr. Campos had devel¬ 
oped a. system based on the possibility of using shunt¬ 
ing resistances and shunting condensers to protect the 
apparatus against high-frequency surges. At that 
ume the suggestion was to protect against lightning. 
Personally, I have given a lot of thought and study 
for many years, to this subject, and I doubt whether 
that system would be practicable as protection against 
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lightning. However, if there are going to be steep 
wave surges in our systems, a protection of this kind 
may help a great deal, and I think we ought to give it 
vide application, and try to get the best knowledge 
from practical experience with it. 

I think there is a misunderstanding about the action 
ot these resistors by and some of the speakers, 
when they .state that the voltage is shunted 
across the resistance and put on the generators and 
the apparatus back of it. "With a high-frequency 
surge it will not go through the reactor but through the 
resistors, and the energy is therein expended, so that 
the apparatus behind w r ould get only a fraction - at 
least, that is the theory of the people who have devel¬ 
oped this system of protection. Mr. Campos’ idea 
. was to protect the high-voltage lines by using, for 500 
feet near the receiving station or generating station 
copper wire coated with nickel, so that the high-fre¬ 
quency current that flows on the surface of the wire 
and not in the wire itself, would expend its energy 
m the resistance of this 500 feet of nickel. S 

Harry R Woodrow: The results that have been 
given on voltage stresses in reactors are theoretically 
correct, but there is a question if experience has shown 
he necessity of installing this additional equipment 
which may give a greater amount of trouble than the 
possible increase m protection. 

The resistance shown here, which is 2400 ohms 
and probably at 8000 volts, would go down to 1000 ohms 
would have a loss of 64 kw. on short circuits. That 
is an important feature for consideration in the de¬ 
sign of the resistor. 

ni J^ r ®j s one Point, however, which is not brought 
£ ™J hlS PaP®’- m regard to the voltage stress on 
un™ 'Iff? 8, ‘ v The end ; turn voltage stress is dependent 
SI th A akage re _, ac tance, between the end turn 
f adsec ?p, d . tu f n ’ and the capacitance between these 
S tv, T+ ls pla 7 s a . Y ery im Portant part in the ability 

of the end turns to withstand surges. y 

ontSS aC f tanCeS h 7 V u been , “ ade ^th insulation, 
on the end turns which are laid close together and 

n^f^m f0re a high capacity and a low leakage re- 
aetance, which have not shown any high potential 

Jg™? £ nd The results in this papSHow 

that an increase m spacing between end turns does 

not L aCraaSe ■ fa i t , 0r of . safet y- Therefore would it 
not be more desirable to insulate the end turns than 
install additional resistor? turns man 

fwtescue: The function of a reactor is nar¬ 
rowed by the authors to that of limiting the value of 
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the short-circuit, current, whereas it would seem that 
its proper function should be much broader namely, 
that of protecting the supply system from the result 
of accident of any kind occurring under normal op¬ 
erating conditions. 

The sudden redistribution of charges that take place 
due to these accidents naturally give rise to abnor¬ 
mally high electromotive forces across any inductance 
m the path of the adjustment currents, and, therefore, 
it any portion of the protective inductance is prevented 
irom absorbing its share of the electromotive forces 
set up, other portions of the system will have to ab- 
than their share. It is true, of course, 
that due to the absorption of the energy by the 
protective devices the decrement of the surge is in¬ 
creased, but nevertheless, there will be a considerable 
increase m stress on the apparatus which the reactor 

ln i er w e< ^ to Protect. If the reactor, itself, cannot 
stand the gaff, how can the supply apparatus be 
expected to do so ? 


In dealing with this matter we should consider the 
economical aspects, that is, the relative amounts of 
the investments generating apparatus and reactors, 
and find out whether it would be more logical to obtain 
better protection by building better reactors, rather 

SSegLSS “ Mact0rs ' risting breatd °™ 


tn M - “"f" Dwight: May I ask the authors 
give, it they have not done so in the paper 
some description of the injuries which the re¬ 
actors have suffered from the high voltages? The 
to describe certain voltages, as though 
, a suspicion of them. Have they had really 
practical trouble from these voltages. 

nf function of current limiting reactors 

HmfS P Qg 5? SUrges - seems t0 be one that is 
limited by putting a resistor across it. When it has 

to meet steep wave front current rushes, the current 

SSfilZ r "i“ sm °, oth il ° ut ' “ d apparatus 
behind it will receive only a very slow surge Now 

Sed^bv l r p esistance ^ it theTeepness°7s 

S e thT2, r i5; d p c r e ^ 

SrSXi? ^ Peter ?’ ? Ir ' ^ortescue and some other 
gentlemen have pointed out, the voltage that exists 

behinVM 

: S2SS the protecto 

dra^al^^ 
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give a conception of what is happening during the 
surges, but it is rather risky to draw conclusions of 
the operation of these surges from such an analogy 
simply because the quantities you are dealing with 
are not the same. If the hydraulic surge through an 
instrument like that shown in some of the pictures 
creates a pressure disturbance throughout the appa¬ 
ratus, it does not necessarily mean you have the same 
pressure disturbance throughout the reactance coil. 

Joseph SJepian; I n reg ard to the last point of 
IVlr. 1 orchio, the resistor cannot absorb energy un¬ 
less current is flowing through it. The only current 
that can flow through it is due to the charge carried 
by the steep high-frequency wave passing through the 
resistor to the generator, and it follows if the resistor is 
functioning at all, that there is a current passing through 
it, and there is a rapidly moving charge passing to 
the generator, which is going to be held back by the 
mductave windings and puncture the insulation. 

, t - K-ierstead: I see there is quite a difference 
here ‘ I J u st want to call attention to one 
different phases of the action of reactors that 
Mr. Woodrow referred to, that in high frequency it 
acts as a capacitant and not as a reactor, and there¬ 
fore a large amount of energy passes through it. The 
amount of energy that would leak through in the re- 
sistor is very small in comparison to the amount of 
ergy that goes through it as a capacity. The 
energy that goes through the resistor becomes ab- 

i^a;+ ^ 1 T l a u d ener Sy that goes through as 
capacity is not absorbed. 

I want to dwell on that just to bring out the point 
that we cannot always expect that the reactor in the 
“W to round out the peaks, because if the 
peak is. high enough, the capacity between the layers 
-?«ent to Pass the high-frequency voltage through, 
f “ d Will pass into the other inductive appara¬ 

tus beyond it. If you do have a voltage built up 
ff.°f the reactors, you have it also built up across the 
of the energy will be absorbed into 
the system that is likely to cause trouble. 

A question has been asked about the value of the 

mp?tfm e f at 7000 v ? lts - .Mr. Woodrow answered that 
question for me—m this 2400-ohm resistor it is 

n 1000 1 a ] ld 1500 ohms, so it is a very high bar- 
ner at normal frequency. 

In regard to the capacities that we used, I think one 

miles^f rabtr S m/ erred to . ^at as being equal to 20 
Cab 6 ‘ T £ e ca P acit y we used in our resonant 
was comparable to a mile of cable. We do not 
need to use a very high capacity to get a voltage nine 
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times the applied voltage in the resonant test. The 
resistor reduced that voltage to a very low voltage. 

What Mr. Woodrow says in regard to the increase 
of insulation between the end turns without increasing 
the space—really increasing the capacity—does reduce 
the voltage across the end turns, and I agree with Mr. 
Woodrow m the statement that the voltage divides 
across the reactor in accordance with the capacity of 
the reactor. 


'Mr. Dwight asked a question as to why we thought 
there are high voltages across reactors. We have had 
reactors that flashed over, and we placed across them 
m a test, much higher voltages than we could ever 
conceive of actually happening in normal operating 
conditions, therefore, it leads us to believe there are 
very high-voltage stresses across reactors. 

PhiU p Torc hi° ! We have had the first reactance 
coil i built some years ago tested in an experimental 
test, and it flashed over at the ends. There was no 
extra voltage there—it was the moisture that caused 
lt: - A 8 ., 1 said before, we have not had any experience 
with failures due to flash over, that we know of. 

the first trouble we had was flash over and then 
we reinforced the insulation. I do not know whether, 
the insulation increases the capacitance of the circuit 
or removes the moisture, and it is difficult to say, if 
you have flash over in service, whether it is due to 
overvoltage or due to a poor coil or dust or moisture 
or some other cause. ’ 

' f Kierstead: We have reactors around in our 
ahop that we have given no particular attention to. 
S y e around wherever the craneman 

wants to put them, and we put them back into service 

WnTf d ° no + that insulation strength has 
been deteriorated to an amount that can be discovered 
by any voltage test we put across them. 
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CALCULATION OF MAGNETIC FORCE ON 
DISCONNECTING SWITCHES 


BY HERBERT BRISTOL DWIGHT 
Canadian Westinghouse Co., Ltd., Hamilton, Canada 


, Abstract of Paper 

Ilie practical problem of finding the magnetic force 
tending to open a disconnecting switch has seldom been 
tne subject of discussion in the past, but it is a very 
useful problem to solve. The result is expressed in 
concise form in formulas (20) and (21), and their 
derivation and the assumptions on which they are 
based are given. y 

Curves are also presented in Figs. No. 3 and No. 4 
formulas ^ f ° rce may ^ found without using the 


I T is a well-known feature connected with short 
circuits in large electric power systems, that 
disconnecting switches are sometimes forcibly 
opened by the magnetic repulsion caused by the large 
currents flowing. This is recognized by the designers 
of disconnecting switches, who provide the switches 
subject to heavy duty with latches to hold them closed. 

In this paper are given formulas for the magnetic 
force acting on a disconnecting switch, which can be 
applied to the various types of circuits usually used 
with such switches. Curves are given in Figs. 3 and 4 
from which values of magnetic force can be taken 
without using the formulas. It is believed that the 
formulas or the curves give the value of the magnetic 
force within a very small percentage. The formulas 
should be useful not only to the designers of switches 
who must design the parts so as to withstand the 
maximum force to be expected, but also for purposes 
of comparison when circuits are being designed con¬ 
taining disconnecting switches, for it is often desirable 
to choose a form of circuit which will produce-the least 
possible magnetic force on the switch. The formulas 
and methods of calculation may also be used for calcu- 
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l 5 ' 10 - 1 Front-Connected Disconnecting Switch 

lating the forces on different parts of circuit breakers 
and other types of apparatus. 

In Figs. 1 and 2 are shown typical disconnecting 
switches. It is evident that with the front-connected 
switch especially, the parts of the circuit parallel to 
the blade can have a large proportionate effect on the 
magnetic force acting on the blade, and should not be 
neglected. 

In Fig. 5 there is shown a typical electric circuit 
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which approximates very closely to a disconnecting 
switch. The jaws are represented by round rods of 
diameter D = 2 r, and the blade is a flat strap of 
width 2 c. 



Fig. 3 Repulsion in Disconnecting Switches 

The force varies as the square of the current. 

Force due to return circuit not included. 

B = Length of blade. 

D *s Width of break-jaw. 

The mechanical force on the blade is proportional to 
the current in the blade and to the magnetic lines of 
force cutting it. The mechanical force acts in a 
direction perpendicular to the blade. 



Fig. 4 Repulsion Due to Return Circuit 

The force varies as the square of the current 
B » Length of blade. 

£ = Distance from blade to return conductor. 


, Jt* tf t / art calcuMe d will be the force on the part 
p the blade not inside the break-jaw, produced by 

SSfU n dUe t0 the . Current in the u PPer arm of 
length A. The current m the arm, which tapers off 
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gradually for the distance 2 c at the jaw, may be 
assumed to be full strength as far as the middle of the 
blade. The magnetic field produced by current in a 
round rod is in circles around it, and the strength of 



Pig. 5—Typical Circuit 

ine field is the same, outside the metal, as if the current 
were concentrated at the axis of the rod. Therefore, 
if the rear part of the arm is of a smaller diameter than 



A the magnetic field at the blade will not be changed 
on that account. 

The flux density at a point P, Fig. 6, caused by a 
current of I absamperes in the element of conductor 
1 dx cos 6 

~u t + a; 2 dines per square centimeter (1) 

MagneSr-’TVV^T ^ thematica l Theor y of Electricity and 
page 356 b J ' J ' Th ° ms011 ’ Fourti Edition, Art. 211, 
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= "(iJ / lines P er square centimeter (2) 

The flux density at P due to the length A — y is 
obtained by integrating expression (2) from 
x = 0 to x = A — y and is 
I (A — y) 

lines per sq. cm. (3) 

By adding a similar expression obtained for the 
length y, the flux density at P due to the conductor of 
length A is 

1 (A -y) . Iy 

u Vu 2 + (A — y) 2 u \/u 2 + y 2 H 


= lines per sq. cm. 


By integrating from u = r to u = B, where y is con¬ 
stant, the flux in an elementary strip of the blade is 
found to be 


I logh 


+ logh 


- logh 


(A - y) + V(A - a/) 2 + r* 


(A - y) + V(A - y) 2 + £ 2 
B 


y + Vy 2 + r 2 


?/ + vy + B 2 

B 


dy lines 


This must be integrated from y = 0 to y = C to 
obtain the flux cutting the inner half of the blade, 
outside of the break-jaw. 

The flux density at a point in the outer half of the 
blade, is obtained in a somewhat similar manner and is 
equal to 


l (A + y) 
u Vu 2 + (A + y) 2 


u \/u 2 + y 2 


- lines per sq. cm. 


By integrating this from u = r to u = B, and then 
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from y = 0 to y = c the flux cutting the outer half of 
the blade is obtained. 

Thus, the flux cutting the entire blade outside the 
break-jaw, produced by the conductor of length A is 
found to be 

l \(A + c) logh ( — + c) ± V(A + C - } - 2 ± r ' .. 1 

L l r _J 

- (A + c) logh | + c) + V(A ±£±J £- J 

- (A- c) logh | ( A ~ + VCA - j 

+ (A — c) logh / (A ~ c ) + V(A — c)» + | 

I 5 ' J 

+ V(A + c) 2 + B 2 - V(A + c) 2 + r 2 

- vTA - e) 2 + B 2 + V(A - c) 2 + r 2 l lines ( 7 ) 


The mechanical force on the blade in dynes, due to 
this flux is obtained by multiplying expression ( 7 ) by 

~ 2 ~r where 7 is the current in absamperes. 

Formula (7) is expressed more simply as a convergent 
series, but different series are required for the two cases 
in which B is less than A, and greater than A. 

For this purpose, the following series are used:— 

logh (X + Vf+F) =Z-~JX 3 + X* 


1.3.5 
2 . 4 . 6.7 X 

where x 2 is less than 1, 
and 

logh (x +■ VI + x 2 ) = logh (2 x) 




1.3.5 
2.4.6.6 


u 6 — 


( 8 ) 


( 9 ) 


where x? is greater than 1 and where u = —L. 

X 

Where B is less than A, the force due to the flux 
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outside of the jaw, caused by the conductor of length A 
is 



JL . Jl, r2 3 B* 
4 A 2 + 4 A 2 + 32 A 4 


1 ■ 

4 A 4 i " 


dynes 


( 10 ) 


where 1 is the current in amperes. 

When B is greater than A the above force 


1 2 

100 


logh (-2A-) 


_A 

B 


1 

6 


A 2 


+ 


_1 

4 


is 

T 2 

' A 2 


, _1 A 3 i Ac 2 3 A 6 

+ 6 B'' + 6 B 3 40 B* 


1 A 3 e 2 , 

. 4 £5 + •• • • 


dynes 


( 11 ) 


Some of these terms are small and may be omitted. 

The second part of the force to be calculated is- that 
due to the flux cutting the part of the blade inside the 
jaw of the switch. 

The magnetic flux inside the metal of the round rod 
is in concentric circles around the axis. The flux 
density at any of the circular paths is that which would 
be produced by the current inside the circular path, 
for current outside cannot produce magnetic flux in a 
path which does not surround the current. Therefore, 
the flux density at radius u inside the metal is obtained 


by multiplying expression ( 4 ) by for the parts P 
and Q of the jaw and by multiplying expression ( 6 ) by 

'U?' 

—jT f° r parts R and S. Now the flux in the jaw 


does not produce the full amount of mechanical force 
on the blade, because the current in the blade tapers 
off gradually from the full value to zero in the distance 
2 r in the jaw. Consequently, the flux in the parts P 

and R must be multiplied by ( r + ^ to obtain the. 

^ T 

effective flux, and the flux in the parts Q and S must be 
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multiplied by- ^ - — , since the flux in the parts 

Q and S is in the opposite direction to that in P and R 
and is such as to tend to hold the blade'elosed. 

By integrating the effective flux for each of the four 
parts of the jaw, the total force on the part of the blade 
in the jaw is found to be 

TFT -j- (A-c)Mogh | 

-4(A + c)-logh { 4+^ + C> ‘ - j 

+ (A - cy- 'v^~+ (A - cy 
— — (A + cy Vr 2 + (A + c) 2 
2~ l ? ' 2 + (A — c) 2 } 3 / 2 


r + Vr 2 + (A - c) 2 
(A - c) 


H—o—I?- 2 + (A + c) 2 } V 2 dynes 


When this is expressed as a convergent series, it 
becomes 


_1 _ 

3 10 A 


j j dynes 


This is, in an ordinary case, about 8 per cent of the 
total mechanical force on the switch blade. Since the 
result of this part of the calculation is such a small 
percentage of the total, the effect of the approximations 
used in making up the typical circuit, will be seen to be 
small. The fact that the current in the horizontal 
conductor tapers gradually to zero in the distance 2 c 
and the fact that the section of the jaw may be approxi¬ 
mately square instead of round, will not make an 
important difference in this small part of the total 
force If the blade is made up of two parallel straps, 
which is often done to make a more rigid structure, as 
indicated by the dotted lines at M and N, Fig. 7, only 
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the outermost lines of force will cut the blade. How¬ 
ever, when the integration is carried out for this case, 
expression (13) is found to be reduced by only one- 
eighth of itself. This is only 1 per cent of the total 
force. Accordingly, only one formula is given for the 


— a -fn 



Fig. 7—Switch Jaw t 

different types of disconnecting switches, and the 
formula has been calculated on the basis of a single¬ 
blade switch. s 

It is evident that the effective flux inside the metal 
is calculated quite differently from the method used 



Pig. 8 Typical Circuit for Connections Parallel to 

Blade 

for calculating self-inductances, and therefore the 
geometrical mean distance of the section of the con- 
duetor should not be used in this problem. 

In calculating the force due to the connections 
parallel to the blade, the flux density at d y, Fig. 8, due 


| 
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to the upper connection is in the opposite direction to 
the flux previously considered, and is 


= a nz = a 

— dz cos 4> __ T j 

A*+{y+zY~ 1 W 
2=0 2=0 


— Adz 

+ tv + z ) 2 } 3 A 


V 7 


A 2 

+ (y + zy 


- 4-1 


A A VA 2 + 2/ : 


) lines per sq. cm. 


The force on the blade due to the upper connection is 


EH 


-■'*(—; 


A AVA 2 + y' 
, VA 2 + V 2 


B , VA 2 + £ 2 


- 2 ) d V 


1 ^ dynes ( 15 ) 


I being the current in absamperes. 

When this is expanded as a series, it becomes, when 
B is less than A, 


100 \ A 


_1_ _ i B*_ 

2 A 2 8 A 4 


and when A is less than B, 


dynes 


-(-‘A 


A _i_ A 3 1 A 6 

5 8 B 3 + 16 B* 


1 Ac 2 \ 

~ -§“ "gT" + ... j dynes 

where I is the current in amperes. The term 


_ 1 A c 2 
8 B 3 

is obtained by integrating the formulas over the blade 
of width 2 c. 
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In some eases the return conductor is brought back 
directly behind the switch at a distance S, as indicated 
by the dotted lines in Figs. 1, 2, 5 and 8, and this adds 
to the force tending to open the switch. The flux 
.density at d y, Fig. 8, due to the part of the return 
conductor above the center of the switch is 



Sdz 

-f IS 2 + (.y + z) 2 PA 



lines per sq. cm. ( 18 ) 

The force on the blade due to this part of the con¬ 
ductor is 


== B 


* 0 


y =b 


y =0 

( 19 ) 

where I is in absamperes. 

This is the part of the force supported by the friction 
of the break-jaw, or the latch, and it agrees with the 
usual formula for the repulsion of two long parallel 
conductors. 

The forces acting on the switch blade are in general 
symmetrical as regards the two ends of the blade. 
One-half of the complete total force is supported at the 


P 




JL 

S 


s ’+(*- 4 -) 


P dynes 





a W s ' + (v-4-) 


dy 
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break-jaw and one-half at the hinge-jaw. Therefore, 
in calculating the force at the break-jaw, an addition 
is made of the forces acting on the blade due to one 
horizontal conductor, one vertical connection to the 
switch, and one-half of the return conductor, if it 
returns directly behind the switch. In cases where the 
horizontal connections are of unequal length, a good 
approximation to the value of the force may be ob¬ 
tained by using their average length for the dimension 
A in the formulas. 

The force at the break-jaw, expressed as a series, is 
when B is less than A, 


4.45 X 10 7 


log,. (4) 


_3_ 

20 A* 


1 g 4 
32 A 4 


When A is less than B, the force is,- 

ObW ^oio,.^)- 


1+A 
4 .s 

pounds 


3 r 2 
20 A 2 


_1 

24 B 3 


1 A c 2 B 

+ ~24~ ~B* - h ~~S~ pounds (21) 

where I is in amperes. If the circuit does not return 
behind the switch, the term is zero. 

o 

The average force in pounds acting along the center¬ 
line of the break-jaw, assuming that the circuit does 
not return behind the switch, is plotted in Fig. 3. If 
the circuit returns directly behind the switch, the force 
to be added can be taken from Fig. 4. These curves 
are more convenient for the solution of engineering 
problems than the formulas. In the curves, c is taken 
to equal r. 

The dimensions used in the formulas and curves 
may be all in centimeters or all in inches, since only 
ratios of dimensions appear. 
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i 

i 

I- 

: 

f 


The force given by the formulas and curves is the 
average force or the steady push, exerted by the cur¬ 
rent, which is measured in effective amperes. It is 
the force which would be measured by a spring balance 
if the blade were free to move. However, it should 
not be forgotten that with alternating current the 
force rises to double the average value every cycle. 
This large momentary value of force must be used in 
some problems, for it is capable of overcoming initial 
friction or of cracking a latch which holds a switch 
closed. If I represents the peak value of the current, 
the formulas give the maximum momentary value of 
the force. 

It would be desirable if the calculated solution of 
this problem were to be checked by laboratory measure¬ 
ments. No published measurements of the force on a 
disconnecting switch are known to the writer, but it 
should be possible to make such a measurement with 
an accuracy within a few per cent. 

This problem was discussed by J. Loebenstein in the 
Electrical World of March 17,1917, but the basis of his 
calculation was wrong and there were also errors in the 
ensuing mathematical operations, so that the final 
results were much smaller than they should have been. 

. An approximate solution of this problem was pub¬ 
lished by the writer in October, 1917, 2 the assumptions 
being made that the effective flux in the,, jaw was negli¬ 
gible and that the average flux density in the blade was 
equal to the density at the center line of the blade. 

An approximate formula for the force of repulsion 
was given by L. B. W. Jolley in a letter to the Electrical 
or d, page 381, Feb. 14,1920. In this it was assumed 
among other things that the complete circuit was a 
rectangle, and the connections parallel to the blade, 
which make a large percentage effect on the result 
were neglected. , 

Example. Find the force of repulsion at 30,000 
amperes,^ effective, on a disconnecting switch in which 
A = 15 inches, B = 20 inches, width of blade = 2 c 
= 1.5 i nches and width of jaw = D = 2 r = 1 inch. 


FT n -n 6 CA™ °L? epulsi ° n in Disconnecting Switches,” 

‘ Dwight, The Electrical Review, Oct. 20, 1917, page 684. 


: 
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There is no return circuit behind the switch. 

By formula (21), since A is less than B, the average 
force at the break-jaw is 

q v 10 s r 

■ 77k" in7 4.094 - 0.667 - 0.375 + 0.018 
4.45 X 10 7 

90 

= X 3.07 = 62 pounds. 


Using the curves of Fig. 3, =0.75 and = 20, 

iJ 


and therefore the average force is 9 X 10 s X 6.9 
X 10~ s = 62 pounds. 

The maximum momentary force at the peak of the 
current wave is 124 pounds. 
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Discussion on “Calculation op Magnetic Force 
on Disconnecting Switches” (Dwight), White 
Sulphur Springs, W. Ya., July l", 1920. 

, Y* Karapetoff: There is an increasing tendency 
to handle problems involving force in terms of energy. 
i ls . a 1 rne thod that was brought up yesterday and 
u S0 ai \ d * J( e ^ eve that Mr. Dwight’s problem 

should be so handled rather than from the stand- 
point oi the La Placian equation of an elementary 
force acting upon an infinitesimal length of current, 
lhe treatment is much more elegant and moreover 
the result leads to a method of experimental electrical 
determination of the mechanical forces tending to 
open a disconnecting switch. The particular method 
of expressing energy to which I have reference is 
based on one of Kelvin’s laws, namely, that if a de¬ 
formation takes place in an electric circuit without 
saturation, at a constant current, the mechanical 
work done constitutes only one half of the energy 
brought from the source, the other half increasing 
the stored energy of the circuit. I always remember 
this law and also tell my students to remember it in 
this way: A constant electric current always collects 
50 per cent profit for doing mechanical work (Maxwell 
Electricity and Magnetism, v. 2. page 2251. ’ 

In figuring out the energy relations I shall use the 
principle of virtual displacements, that is, displace- 
ments which need not necessarily take place, but which 
might take place. As such a virtual displacement I 
shall consider an infinitesimal displacement ds of the 
blade of the switch, parallel to itself, by an infinitesimal 
amount, and call F the mechanical force necessary 
to resist its motion. I shall assume that this deforma- 
r+u ^ • kj 3 circu Y takes place at a constant current 
., tiiat 1S ’ by some controlling arrangement, the current 
is prevented from changing its value. Then, in 
accordance with the above law of fifty per cent profit I 
can figure out by what amount the stored energy’is 
increased, and that is fifty per cent of the energy 
brought in, therefore the other fifty per cent is the 
mechanical work done. 

Let the coefficient of self-induction of the whole 
disconnecting switch_ be L. The initial, stored elec- 
romagnetic energy is 1/2 1 2 L and its increase due 
° displacement is 1/2 I 2 d L. The work done 
upon the resisting force is FdS, so that 
, Fds = l/2I 2 dL, 

hence 

F — 1/2 I 2 (dL/ds). 

see V. Karapetoff’s “Magnetic Circuit” page 251; 
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C. P. Steinmetz, A. I. E. E. Trans., Vol. 30 (1911). 
This is all the general mathematics needed for this 
problem, or for almost any problem involving mechani¬ 
cal forces in an electro-magnetic field. 

We find that the force is proportional. to the rate 
of change of the inductance, with the independent 
variable, which ever variable it may be. Of course, in 
this case F is the total force acting on the blade, one 
half in the jaw, and the other half in the hinge. If 
you are interested in the force acting on the hinge, 
we have to divide it by two. 

This method and this formula permit computation of 
mechanical forces in a circuit of any irregular shape. 
Of course it involves a detailed computation or at 
least an estimate of self induction but this is a subject 
on which we have a very extensive literature. Those 
of us who have to determine coefficients of self and 
mutual induction regularly in our business are reason¬ 
ably sure of the results in dealing with a quantity of 
this kind. 

The formula given above enables one to predetermine 
the mechanical force on a given switch by a simple 
experiment which involves electrical measurements 
only. Place the blade in a wrong position, not far 
from the correct position and measure the coefficient 
of inductance of the circuit by one of the well known 
methods. Shift the blade a little, and again measure 
the coefficient of inductance; repeat this for four or 
five positions, differing slightly from each other. 
Then plot a curve giving values of L for different 
positions of the blade adjacent to its actual position in 
the switch, and then determine the slope of the curve, 
which will give you the value of d L/d s. Substitute 
this value in the formula given above and you will 
have the mechanical force for any desired value of 
the current, thus doing away with the necessity of 
actually measuring this force with a spring balance. 
You, of course, realize that such a mechanical measure- 
ment of F would involve tremendous values of current 
in order to obtain any reliable results. 

A * Ny man: I was much interested in Prof. Kara- 
petoff s explanation of measurement of mechanical 
stresses. I had an opportunity about a year ago to 
make similar calculations on a circuit breaker, sub- 
iA^n^A S ^ or ^" c ^ rcu ^^ n ® Presses due to current of about 
100,000 amperes, and this is exactly the method I 
employed. I found by using it I did not have to 
cover more than a couple of pages of mathematics to 
get all the stresses on the lower portion of the circuit 
^aker, on the arc tips, and the bending moment on 
the bars, coming down from the top of the case. 
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Fig. 1 is an approximate sketch of the circuit breaker, 
and the forces I considered were, first, the force through 
point A, the force tending to open out the arc tips, 
and the force tending to bend out the buses going 
down through the ease. 

In figuring these various forces, I not only plotted 
the formula as it stands here, but separated it into 
self-inductance and mutual-inductance, in other words, 
for the force on the bus B, I took the increase in self¬ 
inductance in the bar A, and the bar B, and also the 
increase in mutual inductance between these bars; 
in this way the result would give me the force on this 
individual bus, and similarly the force on the arc tips. 



^.c V x? u ^ ^ ss ™ie the current path as an approximation 
, p-ctual path (as at C ) and figure the increase in 
self inductance in this path and the change in mutual 
inductance between the various parts. This way of 
making the calculation is helpful when you have to 
figure out the bending moment, because you will find 
the force will be different for each point'along the bus 
and it is a matter of integration, if you know the forces 
at each point, to get the total bending moment. 

, • G. Merrick: In applying these formulas, we 

should naturally consider the worst possible condition 
m a short circuit, which will be with a totally displaced 
wave I believe to be on the safe side, we should 
"f n e J h .® P eak values of this wave. The inertia and 
elasticity are so small that they can be practically 
neglected, and the force considered as a hammer blow 
corresponding to the maximum peak value of current. 
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H. B. Dwight: In reply to the statement of Prof. 
Karapetoff that it would be better to use the well 

known formula in than equation (1) of my paper 

as the starting point of the calculation, I may say, that 
I have used both formulas in working on this problem 
at different times and I have found in equation (1) to 
be the proper one to use. 

I am sorry that Prof. Karapetoff has not worked 
out his suggested method to a conclusion, for serious 
difficulties would be encountered in doing so. One 
difficulty would be in calculating the force in the 
switch jaw (given in equation 13). As shown in the 
paper, the currents in the conductors taper gradually 
to zero, and the calculation of L would become very 
complicated. 

Solutions for the calculation of the magnetic force 
in disconnecting switches have been published twice 
in the technical press, so far as I have noticed, and both 
times the results were completely at variance with 
my own result. The correctness of the final formulas 
is, therefore,. of much more importance than the aca¬ 
demic question whether one method or another will 
involve less work. 

H. B Dwight: (by letter) The initial formulas 

F = 1/2 P ~ 
cL s 

for the action of a circuit on itself, and the corres¬ 
ponding formula 


P _ T9 d ilf 

d s 


for the action of one circuit on another, are well known 
The y are convenient to use where a formula for L 
or M inay be taken with accuracy and safety from 
some publication, which is not the case with the 
present problem. The writer has used this method 
tor calculating the force between reactance coils with 
parallel axes.* 


An attempt to use the above method for calculating 
t a disconnecting switch was made by 

t ’ f ii ' . 0as re f erre d to at the close of my paper. 
In following the procedure of taking a published formula 


for L in order to fin d 


dL 
d s 


, he was forced to use the 


*Som e New Formulas for “Reactance Coils” by H. B. Dwight 
Transactions A. I. E. E. 1919, page 1681. ■ g ’ 
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! formula for L of a rectangle since that is probably 

i the only formula published, even in approximate form, 

I which involves two conductors at right angles. He 

I used practically the same formula as given in eq. ( 107 ) 

page 155, Scientific Paper No. 169 of the Bureau of 
Standards. However, this formula, while approxi- 
r mately correct for a rectangular circuit using a small 

conductor, involves serious error if used for a discon¬ 
necting switch. The connections at the rear of the 
j switch are not considered and the formula applies 

) only imperfectly to a rear-connected switch and not 

at all to a front-connected switch. Further, the 
formula practically neglects the flux in the comer 
L represented by the switch jaw, and this produces an 

j error of about 8 per cent in the final result. 

| , Tt is therefore plainly evident that a published 

■j iormula for L cannot be used, but a special formula 

ior L would have to be derived to suit this particular 
> problem. But such a formula can be derived only 

by starting with equation (1) of my paper, which is 
the veiy equation Prof. Karapetoff said should not 
be used. 

rJ T 

If the suggestion to use-^— be followed out in the 

only way practicable, the following comparison can 
' ' b . e m ade: In my paper, equation (1) is integrated to 

I g^e } 4 ) • A second integration over the length of 

| th( L b a( r ( 5 ) and a third integration over the 

width of the blade gives (7), which is the expression 

} for force - The procedure involving requires 

as 

| integrating (1) to give (4) A second integration is 

made to the length B. A third integration is made 
j length A and a fourth integration to the length C. 

then this expression for L must be differentiated 

I t° give -^j. Thus the suggested procedure involves 

four integrations and one differentiation, or two 
operations more than the procedure in my paper. 

It is, therefore, even more absurd to state that the 
| equation 

| / F -w'% 

j is all the general mathematics needed for this problem, 

i . *t wou W be to say that equation (1) of my paper 

I ls the general mathematics required. 
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DESIGN OF CONSTANT-CURRENT GENER¬ 
ATORS FOR ARC WELDING 


BY K. L. HANSEN 

Designing Engineer, Mechanical Appliance Co., Milwaukee, Wis. 


I N design of medium size direct-current machines 
the problem is usually to meet certain stable or 
permanent conditions, such as efficiency and tem¬ 
perature rises at a given load, voltage regulation of gen¬ 
erators, speed regulation of motors, etc. However, 
as the requirements become more exact, transient 
conditions may increase in importance to the extent of 
becoming a factor in the design of a machine. For 
example, in a motor application where the starts and 
stops are very frequent, or the motor reverses direction 
of rotation at short intervals, the performance during 
the acceleration period may be of greater importance 
than when operating at a definite speed. 

The conditions met with in the application of the 
generator to be discussed in this paper are such that 
the proportions of the various parts of the machine are 
determined almost entirely by consideration of the 
transient phenomena. 

Due to the well-known characteristic of the electric 
arc, - that its resistance decreases with increase in current 
and vice versa, a stabilizing agent such as a ballast re¬ 
sistance is required when the arc is operated from a 
constant-potential circuit. This results in a consid¬ 
erable loss of energy and consequently necessitates 
a generating equipment of larger capacity than the en¬ 
ergy expended in the arc itself requires. Furthermore, 
with a constant-potential generator, auxiliary equip¬ 
ment in the form of grid resistances and a rather compli¬ 
cated system of switches for controlling the current are 
required. It is natural, therefore, that considerable 
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effort should have been directed towards elimina¬ 
ting these obvious disadvantages, and it is to accomp¬ 
lish this that the variable-voltage or constant-current 
generators have been developed. 

Volt-Ampere Characteristic 

It is evident that to overcome the inherent unstable 
characteristic of the arc, variations in the current 
should cause the terminal voltage of the generator to 
vary in opposite sense, but there seems to be quite a 
divergence of opinion in regard to the extent to which 
it should so vary; that is whether it should vary to 
maintain a practically constant current or substantially 
less than would be required to maintain constant cur¬ 
rent. 

One theory advanced is that in order to maintain 
constant heat the wattage expended in the arc should 
be constant, or the product EI equal a constant, where 
E is the are voltage and I the current. The curve 
represented by this equation, when plotted with cur¬ 
rent as abscissas and the volts as ordinates, is a hyperbola 
approaching the Z-axis asymptotically for zero 
resistance in the arc circuit, that is the current has a 
very large value on short circuit. (Curve a Fig. 1). 

In the results of a large number of . experiments 
which the writer has recently had the opportunity 
to observe, he has found nothing to support the con¬ 
tention that this characteristic is particularly suited for 
are welding. Indeed it can readily be seen that in the 
extreme cases of very large current at low voltage or 
small current at high voltage the theory would not hold 
and the assertion is therefore made that it is nec¬ 
essary or desirable to maintain a constant product of 

vo ts and amperes for small variations from normal arc 
voltage only. 

For this reason the characteristic obtained on actual 
machines is approximately as shown by curve b, which 
over a small range approximates curve a. Curve b 
is the curve that would be obtained in' a generator 
mth a separately excited field and a differential series 
field, and it also approximates the curve of a constant- 
potential generator with a ballast resistance. 
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The normal arc voltage is 18 to 22, and it will be no¬ 
ticed that even with a characteristic as shown by 
curve b, the short-circuit current has a considerably 
larger value than the welding current. In the opinion 
of many it is desirable that the starting current 
should be larger than the working current in order to 
heat the point of contact rapidly. 

The writer’s experience, on the contrary, has been 
that a large current at the instant of striking the arc 



AMPERES 


Fig. 1—Characteristic Curves of Variable Voltage Arc 
Welding Generators 


merely increases the tendency of the electrode to 
freeze or stick. For example, less ballast resistance 
is required at 60 volts constant potential than at 75 
volts, and the short-circuit current is therefore greater. 
As a result of the larger starting current the arc 
is appreciably more difficult to start at 60 volts than at 
75, while the arc is almost as easy to maintain in one 
case as in the other. 

It should moreover be borne in mind that in the case 
of the constant-potential system the value of the 
momentary short-circuit current is not greater than 
that of the permanent short-circuit current. As a 
matter of fact, due to the momentary drop in voltage 
that takes place in all d-c. generators with the sudden 
application of load, the short-circuit current may not 
even reach its permanent value if the electrode is 
quickly withdrawn. The greater the reactance of the 
main circuit the greater will be the drop in voltage and 
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the longer will be the time required to reach the perm- 
anent value of current. Even a small reactance is 
thei efore an effective aid in starting the arc on a low- 
voltage constant-potential circuit. 

In a variable-voltage generator it can readily be 
seen, however, that the momentary short-circuit 
cun ent is always greater than the permanent short- 
circuit current. When, for example, the generator is 
i mining on open circuit and the terminals are sud¬ 
denly short-circuited, the rise of current in the series 
field tends to reduce the flux from full value to prac¬ 
tically nothing. This change of flux induces a voltage 
in the separately excited field, causing the current in 
this field to rise momentarily, and the flux reduction 
is delayed. As a result of this lag of flux, and conse¬ 
quently of voltage, there is a rush of current at the 
instant of short circuit. When the external resistance 
is suddenly increased the action of the fields is reversed, 
and. thei e is a momentary reduction in current. 

Since the resistance of the arc is continually changing, 
due to its inherent instability, molten metal dropping off 
the electrode, unsteadiness of the operator’s hand, un- 
eveness of the material, etc., the generator must adjust 
its terminal voltage to meet these rapidly changing 
conditions. 

From the preceding it will readily be seen that to 
take care of these transient conditions becomes a very 
important factor in the design. The writer’s exper¬ 
ience has been that, if these momentary fluctuations 
are kept within certain limits, a stable arc can be 
maintained with almost any fairly drooping volt-ampere 
characteristic. However, a stable arc does not nec¬ 
essarily mean satisfactory welding. The usual meth¬ 
od of smoothing out the momentary fluctuations is by 

wl e ^ tmS a Iarge reaetance in the welding circuit. 
While a large reactance makes it easy to strike and 
maintain the arc, it seems that the penetration is 
seriously affected. Moreover, the long arc which 

c ?“ b ® drawn makes it possible for a careless or less 
skillful welder to hold the arc and deposit metal 
without insuring a good weld. Furthermore, a large 
reactance adds considerably to the cost and weight of 
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the equipment and is also the source of considerable 
loss of energy and thus reduces the efficiency. The re¬ 
actance should, therefore, be reduced to a minimum 
or, if possible, eliminated altogether. 

As already stated, a large permanent short-circuit 
current is neither necessary nor desirable. On the 
contrary, even when the permanent short-circuit, cur¬ 
rent has approximately the same value as the weld¬ 
ing current (Curve c Fig. 1), the momentary short- 
circuit current has to be limited either by special 
design or an external reactance to keep the electrode 
from sticking. 

All factors considered, such as penetration, ease of 
starting and maintaining the arc, ease of controlling 
the current, etc., the characteristic shown by curve c 
is, in the writer's opinion, the most desirable. It will 
be noticed that in this case the regulation of the 
machine is such as to keep the current approximately 
constant over the operating range, that is from short 
circuit up to about 30 volts, for a slowly varying 
external resistance. While it would be desirable 
to keep the current constant, even for the rapidly vary¬ 
ing resistance of the arc circuit, this cannot be done, 
as already stated, but the machine should be designed 
to keep the fluctuations as small as possible. 

Oscillograms are frequently taken to show the per¬ 
formance of a machine during the welding operation, 
and the smoothness of the current curve, which is an 
indication of a steady current, is always taken as a 
measure of the excellence of the machine. This would 
certainly indicate that an absolutely constant current, 
if attainable, would be the ideal condition in the weld¬ 
ing circuit. 

. Momentary Current Fluctuations 

The volt-ampere characteristic represented by curve 
c can be produced by an additional field in which 
the excitation varies with the terminal voltage of the 
machine. This can be accomplished by adding a self- 
excited field or by a number of interconnections of 
the fields, which will be discussed more fully later. 
However, since the effect of the proportions of the 
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machine on the transient currents is in general the 
same, no matter what scheme of field connections is 
used, the simplest case will be considered first for the 
purpose of a mathematical analysis of the current 
fluctuations when the resistance of the external circuit 
is suddenly increased or decreased. 

Consider a generator supplied with a separately ex¬ 
cited field and a differential series field shown dia- 
grammatically in Fig. 2 and let 

%i = current in main circuit 
ii = current in separately excited field 
The derivation of formulas for the instantaneous 
values of the currents in the main circuit and the sep¬ 
arately excited field circuit is carried out in detail 
in the appendix. It must, of course, be understood 



Fig. 2 


that it is not attempted to calculate the current flue- 
tuations m the arc circuit when welding is being 
performed, but merely the momentary increase or 
decrease m current that would take place if the re¬ 
sistance in the main circuit is suddenly changed from 
one value to another, as for example, from open cir¬ 
cuit to short circuit. It is, however, fair to assume 

, Spe “ al , feature s in the design of the ma- 
chine which will reduce the fluctuations when calculated 
m this manner will also reduce the .fluctuations during 
the welding operation and thus help to stabilize the arc 

th.rfT . f0rmuIas 21 t0 25 inclusive show 
that the expressions for the currents contain a term 

corresponding to the permanent value and one or 

“Thek!? 18 ^ 6 ? 011 ^ t0 the transient values, 
he latter terms have the factor e to a negative ex- 

pmient, which m magnitude varies directly with the 

me, and since the exponents are usually relatively 
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large, these terms reduce to zero in a very short time. 

As an illustration, formulas for the currents in 
the main circuit and separately excited field of an 
actual machine also have been calculated in the ap¬ 



pendix and the curves gi these equations are 
shown in Fig. 3. It will be noted that maximum 



INDUCTANCE IN HENRYS 
Fig. 4 


overreach of the currents occurs 0.04 second after the 
short circuit and the main current exceeds the short- 
circuit current of 228 amperes by about 380 amperes. 
For design purposes it is desirable to know how a 
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change in one or more of the constants of the ma¬ 
chine is going to affect the peak value of the current. 
For ready comparison formulas also have been derived 
by means of which the time at which the current reaches 
its peak value can be calculated. The curve in Fig. 
4 shows how the excess momentary current over t he 
permanent short-circuit current varies with (lie induc¬ 
tance in the main circuit, and it will be noticed t hat. I he 
reduction in the peak value of the current is rather 
rapid at first but then decreases for larger values of 
inductance. An increase in inductance beyond the 
point at which the marked reduction in t he current 
peak is obtained is therefore only waste of material, 
aside from other detrimental effects encountered. 



Instead of varying the inductance let us assume 
that the resistance of the separately excited field 
is increased, the exciting voltage in every case being 
correspondingly increased to maintain the same per¬ 
manent field current. 

If ig. 5 shows the relation between t he resist mice of 
the separately excited field and t he peak values of 
cuirent. If the exciting voltage he doubled, which 
requires a total resistance ol 2(10 ohms, the overreach 
has been reduced approximately MO per cent, but very 
little is gained by increasing the resist a nee any furl her. 
The loss in the external resist,mice is 120 wat ts, which, 
howevei, is a small matter compared with t he improve¬ 
ment in operation that actual tests have shown to be 
accomplished by this means. 
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Features in Design 

Curves similar to Figs. 4 and 5 can be made up, 
showing the relation between the various constants 
and the peak currents, and the machine proportioned 
to obtain the most favorable combination. 

In general, the higher the number of turns on the 
armature and the weaker the field, the more favorable 
will be the conditions so far as the transient cur¬ 
rents are concerned. That means a larger diameter 
armature and smaller radial dimensions of field poles 
than in a constant-potential generator of same rat¬ 
ing. The circumferential width of the main pole 
body is small, but the pole arc is wide and the radial 
depth of the pole horn is large enough to provide a 
good path for the flux due to cross-magnetization. 



(Fig. 6.) That is, distortion of the main field due to 
cross-magnetization is facilitated as much as possible 
to increase the self-induction of the armature to a max¬ 
imum. 

So far as the transient conditions are concerned the 
smaller the mutual induction between the series field 
and shunt field the better, and the number of turns 
of the series field should therefore be as low as possible. 
However, the series field supplies the magnetizing 
force opposing the separately excited field, and the 
stronger the series field the smaller will be the excess 
of permanent short-circuit current over the welding 
current, and from this standpoint it is desirable to have 
a large number of turns on the series field. A balance 
must be struck between these two opposites and may 
be arrived at as follows. 
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Fig. 7 shows a curve plotted with the number of 
turns per pole on series field as abscissas and the per- 



Fig. 7—Curve Showing Relation Between Short-Circuit 
Currents and Series Turns on Basis of Welding Current 
of 150 Amperes at 22 Volts in Variable Voltage Generator 
(Separately Excited Field with Differential Series) 

manent short-circuit currents corresponding to a weld¬ 
ing of 150 amperes at 22 volts as ordinates. Up to three 
turns per coil the short-circuit currents decrease rapidly, 



Fig. 8—Curve Showing Relation Between Short-Circuit 
Currents and Impressed Volts on Basis of Welding Cur¬ 
rents of 150 Amperes at 22 Volts in Constant Potential 
System 


but beyond this point the gain is slight. Since a higher 
number of turns merely increases the mutual induction 
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between the two fields without obtaining a correspond¬ 
ing advantage, so far as the magnetizing force is 
concerned, the series field should not have more than 
three turns per coil for this particular combination 
of armature turns and speed. 

It may be of interest to compare this with a similar 
method of obtaining the most desirable voltage in a 
constant-potential system. The curve in Fig. 8 shows 
there is a very marked increase in stabilizing effect in 
going from 40 to 60 volts, but only a comparatively 
slight gain in going from 60 to 80 volts. 

The change in number of field interlinkagps in going 
from open circuit to short circuit can be somewhat re¬ 
duced by having the separately excited field coils of 
same polarity and placed on two diametrically opposite 
poles, the series field being placed on the other two poles. 
On short circuit the four poles are then of the same 
polarity and approximately equal in strength. The 
separately excited field flux is not reduced to zero, 
however, a considerable part of it being simply diverted 
through the commutating poles back to the frame. A 
noticeable improvement in the operation was observed 
when the field coils were changed to this arrangement 
from the usual way. of placing coils of both fields on all 
four poles. 

Due to the large current fluctuations and the rapidly 
vaiying field strength, commutating poles are required 
to insure absolutely perfect commutation at all times. 
Since most single-operator units are portable, it is de¬ 
sirable to keep the outside diameter of the frame as small 
as possible, and this, combined with the relatively large 
armature diameter, limits the radial distance from 
armature to frame; it is, therefore, desirable to keep 
the number of turns on the commutating poles down 
to a minimum. 

As already stated, the number of turns on the arma¬ 
ture is relatively large, and to keep down the armature 
ampere turns per pole requiring to be neutralized, an 
armature wound for four poles works out better than 
when wound for two poles. Also, since only half the 
number of compensating turns are required when four 
commutating poles are used instead of two, four main 



1368 


K. L. HANSEN 


[July 1 


and four commutating poles would seem to be the 
most favorable combination. 

Generators with Separately Excited and Self- 

Excited Shunt Fields and Differential Series 
Field 

It has been previously stated that to obtain the char¬ 
acteristic curve C in Fig. 1 a self-excited field may be 
added to the separately excited field. If the number 
of turns per pole on this self-excited field equals n 3 and 
the field current equals i z , we have for induced voltage 

„ _ K (« 2 it + n 3 i z — Wi ii) 

- V7+R 

The terminal voltage = R i x and the self-excited field 
current 


Ri i 

Iz = -— 

r 3 

Substituting this value of in above formula for ii 
and solving for i lf we have 

i = _ K n 2 u _ 

T\ + K n + — K rbz ^ 

From this formula it will be seen that i x is independent 
of the external resistance when 

-j K. 71$ ^ 

1 - z — = o or r 3 = K n 3 

i 3 

in which case 

■ _ Kn 2 i z 
1 r 2 +Kn7 

These equations hold, of course, only over the straight 
part of the saturation curve, the voltage being limited 
by saturation above 35 volts. 

To obtain formulas for the transient currents in this 
• case requires the solution of three differential equations, 
and consequently involves the solution of a cubic. To 
derive a general -algebraic formula becomes; therefore, 
complicated, but a solution can readily be effected by 
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Horner's method of approximation if numerical coeffi¬ 
cients are substituted for literal ones. However, all 



the conclusions in regard to the proportions of the 
machine, that can be drawn from the formulas already 



b«fd’ded Ply eqU “ liy We " “ “ self - exdtel fieM has 
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If it is desired to obtain data on the proportions of 
the self-excited field that will make it suitable to meet 
the transient phenomena, the current in the separately- 
excited field may be assumed to remain constant dur¬ 
ing the transient period. In that case there will be 
two differential equations to solve, similar to those 
already discussed. 

Formulas 29 to 63 in the appendix have been de¬ 
rived on basis of this assumption and curves in Fig. 9 
show the momentary currents when the machine is sud¬ 
denly short-circuited from an external R i drop of 30 
volts at 150 amperes. Curves in Fig. 10 show the 
momentary current reduction when the external resist¬ 
ance is suddenly changed from zero to a value that 
will make the terminal voltage rise to 30 volts at 150 
amperes. 

Experiments have shown that a considerable varia¬ 
tion in the resistance of the self-excited field, either way 
from the particular value which makes the generator 
regulate for constant current, other things remaining 
unchanged, has little effect on the stability of the arc. 
This was to be expected, because an increase in the 
resistance improves the time constant r 3 /L 3 , but at the 
same time reduces the building up characteristic as a 
self-excited generator. 

However, if the number of turns on the self-excited 
field is reduced and the field current correspondingly 
increased, it is found to materially improve the opera¬ 
tion. For example, in the particular machine used 
for illustration, the field circuit was split in two, and 
the two halves were connected in parallel and on ex¬ 
ternal resistance was inserted to maintain the original 
field current. The result was a very marked tendency 
to stabilize the arc, but the losses in the field circuit 
were, of course, increased. The increase in losses was 
negligible when operating at welding voltage, but would 
come up to about 100 watts on open circuit. 

The usefulness of the self-excited field depends on 
the rapidity with which it can make the generator build 
up its voltage so as to prevent too great a reduction in 
current when the external resistance is suddenly in¬ 
creased. In Fig. 11 is plotted a curve with number 


1920] 


K. L. HANSEN 


1371 


of turns of self-excited field as abscissas and current 
reduction in amperes as ordinates; the remaining con¬ 
stants of this particular machine are the ones used 
for illustration in the appendix. 



Fig. 11 

Interconnected Shunt Fields 
Instead of the additional field being entirely self-ex¬ 
cited, the fields may be interconnected as shown in Fig. 
12. The excitation of field / 3 varies with the terminal 
vo tage, but by choosing.the proper value of resistance 



rat can be made entirely separately excited or partly 
self and partly separately excited. It showed a marked 
improvement over the straight self-excited field, Jrob 
bly because of the better time constant of the circuit 

in S' c ™ ti0n that has been suggested in shown 
g- . In this case the magnetizing force of field 
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/ s can be made cumulative on open circuit and differ¬ 
ential on short circuit by proper combination of resist¬ 
ances r- and r 5 . The characteristic c of Fig. 1 can 
therefore be produced without a series field, or, if a 
series field is used, it can be made considerably smaller 
without adding copper to the other fields. Moreover, 
when the machine is short-circuited from open circuit, 
the demagnetizing force may reach its maximum be¬ 
fore the main current reaches its maximum if the time 
constant of the circuit consisting of resistance r 4 , the 
welding circuit and the field / 3 is sufficiently high. 

The formula for the current in field / 3 is easily ob¬ 
tained and is found to be 

i 3 = — h ( f4 + r A - E n 
rz r 4 + r 3 r 5 + r 4 r 5 

which shows that when the product of the R i drop in 
the welding circuit and sum of resistances r 4 and r 5 



Fig. 13 


is less than the product of the separate excitation volt¬ 
age and the resistance r 4 , the current in / 3 reverses and 
this field becomes differential. 

Let r 3 r 4 + r 3 r 5 + r 4 r 5 = C 

and solving for ii assuming no series field, 

• _ C Kn^ij— K_n 3 _E_ r 4 

C r i + R [C — K n z (r 4 + r s ) ] 

and if C — K n 3 (r 4 + r 5 ) = 0, the main current is in¬ 
dependent of the external resistance. 

This combination is more sensitive to adjustment, 
but when correctly proportioned showed better results 
than any of the others. 

Since the current in field / 3 is independent of the line 
current on short circuit, the line current becomes eq ual 
to zero when the current in field/ 2 is reduced to such a 
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value as to make the ampere turns in it equal to the 
ampere turns in field/,. If the current in field /, is 
still further reduced, the machine reverses its polarity 
and builds up in opposite direction; -it then becomes 
difficult to adjust the generator for low current values, 
but the difficulty is easily overcome. One way of pre¬ 
venting the reversal of polarity is by increasing the 
resistance r 5 , which reduces the differential field /,, but 
this is incorrect since it to a certain extent defeats the 
object of the connection, which is to produce a fairly 
strong differential field independent of the line current. 
Another more correct way is to increase the current 
m field /, by increasing the demagnetizing ampere 
turns proportional to the line current, that is by in¬ 
creasing the series field turns, or, if it is not convenient 
to change the series field, a slight forward shift of the 
brushes will in most cases furnish all the demagnetiza¬ 
tion required to overcome the trouble entirely 
These field combinations are merely pointed out as 
illustrations.. There are a number of others, with 
and without interconnections of the fields, which will 
give the desired volt-ampere characteristic. 
Generators without Separate Excitation 
Due to the inherent tendency of a shunt generator to 
lose its excitation entirely when the terminals are short- 
circuited, a straight shunt machine with differential 
series field is not suitable for are welding. If it is to 

mrfnfrtf the P ° le PieC6S must be sha P ed so that a small 
part of the magnetic circuit in parallel with the main 

circuit becomes saturated at very low voltage and 

keer^thefieldf resista ? ce in the arc circuit to 

keep the field from collapsing altogether on short circuit 

However, the equivalent of separate excitation can 
be obtained by having voltages generated in the arma- 
ure circuits which on short circuit neutralize each other 
o give practically zero potential at the terminals but a 

difference of potential is maintained between one set of 

ShS“ and a thw from which thTeS! 

— One method used in accomplishing this is to have 
the two sets of poles of a four pole generator of con ™ 
q ent polarity and the armature wound for two poles. 
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fntw’i th ® excitatlon is automatically changed 
so that half the conductors in series between the main 
brushes ™l Pass in front of poles of opposite polarity 
to that of the other half. The strength of the differ- 
t poles is adjusted so that just sufficient voltage is 
thm SI^f th ® termmals t0 force the desired current 
ohfaiSd ? Weldm f clrcuit > the proper excitation being 
series field 7 & C ° mbmatlon of mature reaction and a 

V*""? field may be P Iaced on two diametrically 
pposite poles and the series field on the other two 
poles as shown m Fig. 14. 



xne armature, being wound for two poles, has neces¬ 
sarily a relatively high number of ampere turns per pole 
and on account of the strong armature reaction a cumu¬ 
lative series field is usually required. Moreover, the 
strong magnetizing force of the armature requires a 
correspondingly large number of neutralizing turns on 
the commutating poles, as already pointed out, which 
necessitates a larger diameter frame than the four pole 
machine for same rating. Since there are only two 
sets of main brushes, the commutator must be longer 
than m the four-pole machine to keep the same cur¬ 
rent density m the brushes. On the whole the ma¬ 
terial is not so economically employed as in the four- 

pole generator with separate excitation. 

Furthermore, since the series field turns generally 
have to be changed for different current values, either 
by shunting or by taps, the current adjustment is not 
comparable to the fine adjustment that can easily be 
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obtained over a wide range in the separately exciter 
machine. 

On the whole, the writer feels that the advantage 
obtained by eliminating the separate excitation is not 
sufficient to compensate for the disadvantages men¬ 
tioned. Undoubtedly efforts will be continued in this 
direction, however, and if a generator can be developed 
possessing all the desirable features of the present sep 
arately excited machine without the need of separate 

excitation, the advantage of such a machine is obvious. 
APPENDIX 

Fig. 2 in the paper shows diagrammatically a gener¬ 
ator with separately excited field and differential series 
field. 

Let ii = current in main circuit. 

is = current in separately excited field. 
rii = number of turns per pole on series field. 

Tii — number of turns per pole on separately 
excited field. 

1 = coefficient of self-induction of main circuit. 

Li = coefficient of self-induction of field circuit. 

M = coefficient of mutual induction between 
main and separately excited field circuits. 

E = volts impressed on separately excited field. 
e = induced volts (by rotation). 

Due to saturation the coefficients of self and mutual 
induction are not constants, but since the operating 
range is almost entirely over the straight part of the 
saturation curve, sufficiently accurate results will be 
obtained if they are considered so. The coefficients of 
self induction are the total number of interlinkages per 

fluxes CUrrent an<1 include mutual as well as leakage 

At constant speed the induced voltage is directly pro¬ 
portional to the flux, and since the operating range is 
.°ver the straight part of the saturation curve, the flux 
is proportional to the net ampere turns per pole. The 
induced voltage is therefore proportional to the ampere 
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turns per pole and may be expressed by the formula 
e = K (n« i» — n x i,) 

Volts consumed by resistance in main circuit = (r t -f- 

R) 

where R is the resistance of external circuit. 

d i t 


Volts induced by self induction 


Lt 


dt 


Volts induced by mutual induction = M 


d i, 

' dt ' 


From Kirchhoff’s law that the algebraic sum of the 
voltages in a closed circuit is equal to zero we have for 
differential equation of main circuit 


Li + ( r i + R) ii 


M —K (« s — tit it) — 0 

(1) 

. In a similar manner we obtain for differential equa¬ 
tion of separately excited field circuit 




(2) 


In symbolic form with the operator I) signifying the 
operation of differentiation the equations may be written 

(LiD +n+R +Kih) it-(Ml) + K «...) i { . () (3) 

- M D i i + (L 2 D + r«) i 2 - E (4) 


(LtD+P)-(M D+Kn«) \ 

5 

T 

o 

II 

K n 3 ) 

-MD (. L,D + ri ) | 

| E (L-, I) .f. 

r-x) 


Expanding the determinants 
[ (LtL 2 —M 2 ) D 2 + (PL* + rtLt-MKn,) I) + /vj j, 

. * M % n i (6) 

The solution of this equation is 

i\ = A i + A 2 € ait + A a e att 

TZ A 0 :±^ A \ ar r f nstants of ^ration and 
a 1 and 0,2 are the roots of the quadratic 
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The coefficients of the quadratic are in general pos¬ 
itive and the roots, when real, are negative; there 
are consequently three .cases to be considered when 
(P L 2 + r 2 Li - M K n 2 ) 2 > 4 (L x L 2 - M 2 ) P r 2 ; 
the roots are negative, real and unequal; 
when 

(P Lz + r 2 Li — M K n 2 ) 2 = 4 (L x L 2 — M 2 ) P r 2 , 
the roots are negative, real and equal; 
when 

(P L 2 + r 2 Li — M K n 2 ) 2 < 4 (L x L 2 — M 2 ) P r 2 , 
the roots are complex, imaginary numbers. 

Case I, roote reai and unequal. 

ii = A x + A 2 e ai/ + A 3 (7) 

From equation (2) we have 

+ui > = E + M irr 

Substituting the value of from (7) in this equation 
^ 2 ^-+ ni 2 =E+MaiAi e a '‘+M cl 2 A 3 e a * (8) 


a linear differential equation of first order, the solution 
of which is 


~—t 

1% — \/Ij 3 G 


/ 


- a -1 


e L! (E+Mai A 2 e ait +M a 2 A 3 e aa )dt 


Integrating and simplifying 

E_ + M On A 2 
r2 t 2 -J- L 2 a x 


*2 = 


+ 


M q 2 A 3 
r 2 A - P2 a 2 


^azi 


0) 


Let be the main current just before the change in 
resistance takes place and i jW the permanent value the 
current would reach if the new resistance remained 
unchanged. We then have from equation (7) 
when t = oo Ai — 

In the separately excited field the current is E/r 2 
before and after the change and from equations (7) 
and (9) follows that when t = 0. 

A 3 + A3 = ij® — ijW 

M ai ^ Af o 2 

r 2 + L 2 <z 1 2 r 2 + L 2 a 2 


A 3 = 0 
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Solving these equations simultaneously for A 2 and 
A 3 we have 

a _ ^2 —ii^) (r 2 H~ i /2 &i) 

^2 — -“7-r-- 

r 2 (a 2 — ai) 

/t _ (r 2 -b i /2 u 2 ) 

r 2 (a 2 — a x ) 

Substituting these values in equations (7) and (9) 
and reducing 

ii = ii w + —~ — ^ l(P> 
r 2 (a 2 — ai) 

[a 2 (^*2 + i 2 «i) e aii — a x (r 2 + L 2 a 2 ) e® 2 '] 

(10) 

E , M oi a 2 (i x < s > - -ii (p) ) r 

x 2 =-b - i ni) 

r 2 r 2 (a 2 ~a 1 ) [€ € J ^ 

Case II, Roots real and equal . 

Let the two roots of the quadratic be expressed by 
the equations 

$i a Ji a 2 — a -j - A 

where h = 

VXP L 2 + r 2 Li — Mi % 2 ) 2 — 4 (Li L 2 — ili 2 ) P r 9 

' 2 (L x L 2 - ilP) ” 

when h becomes equal to zero the roots are equal 

a == ai — u 2 

Substituting a — h for ai and a + h for a 2 in equation 
(10) we have 

=«.« + ^= 4 ^ 

2 r 2 h 

[ {a + h) (r 2 + Li a — L 2 h) e( a ~ h>)t 

(a h ) (r 2 + i/ 2 & -f- i/2 /&) 

= 

2 r 2 


r 2 a —b i/2 & 2 


+ r 2 — L 2 h ) 


r 2 a + L 2 a 2 


— r 2 — i / 2 h ) * e a * 
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£ r 2 e~ ht + r 2 e’“ — L 2 he~ k ‘ + L^h e ht 

f—ht _ aht ~I 

+ (r 2 a + L 2 a 2 )-^——J e a< 

when h approaches zero as a limit the expressions 
1/2 h e~ hi and L 2 likewise become zero, the expres¬ 
sions r 2 e~ ht and r 2 e w approach r 2 as a limit, and the 
formula for ii reduces to 

*1 = *i (p) + - »i«) 

[ 1+ « . (/, +x, a) (12) 


When h = 0 the fraction 


, which 


is indeterminate. To evaluate this fraction the nume¬ 
rator and denominator are differentiated with respect 
to h thus 


~ ht ~ e ftt b=< 


[- t e~ ht -te ht 1 , „ 

-- 1 - L h = 0 = - 2 1 


Substituting in equation ( 12 ) 


ii = ii (p) + 


(ii (s) - i x W) £ l _ at (r-2 + Lo a) j ^ 


Substituting a - h for a, and a + h for a 2 in equation 
( 11 ) we have 
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E M (^ s > - ti< p )) a 2 
t 2 2 r 2 


c —hi 


- M (»,'■■- ifflt 

T 2 

The last term is equal to zero when k is zero and the 


indeterminate fraction 


ion f- 


{.—hi _ pht 


may be 


evaluated as before and is equal to — 2 t when h = 0, 
hence 

i, . JL _ (»,(.) -.,<») e „ (14) 

Case I//, Roots Imaginary. 

When 

4 (Lj U - M 2 ) Pr 2 > (P L 2 + r 3 Li — M K n 2 ) 2 
the roots of the quadratic are complex imaginary 
numbers and may be represented by the expressions 
V + j q and p — j q where j = y/ — 1 . 

The solution of equation (6) then is 
ii = Ai + A 2 e pt e># + A 3 e pt e~ Jqi 

From the following relation existing between the 
exponential and trigonometric functions 

P a ‘ = cos qt + j sin q t e~ jqt = cos qt- j sing t 
the above equation may be written 
ii = Ai + e fl [(A 2 + A 3 ) cos q t + j (A 2 — A 3 ) sin q (] 

Let A 2 -j- A3 ~ Pi and A 2 — A3 = j P 2 
ii = Ai + e pt (.Si cos q t + B 2 sin q t ) ( 15 ) 

From equation ( 4 ) 

T d ^ 2 , . Tn 1 ti tr d i\ 

Differentiating ( 15 ) and multiplying by M 
M = M e Ft [(p B x + q B 2 ) cos q t 

+ (pB 2 — q Bi) sin q t] 

Substituting we have for differential equation of 
separately excited field circuit 


+ r 2 i 2 — E + M e Pi [ (p B x + q B 2 ) cos q t 


+ (p B 2 — q B i) sin q t] 
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The solution of this equation is 

»'* = Vi* «~ r,/L; '/e r2/L =* {£" + Af [ (p Bt + q B») 

cos q t + p B 2 - q B x ) sin qt]} dt 
Integrating the first term and multiplying out 

is = E/r 2 +' M/Lv e~ r ' ,L - xt ^ r ’- /L -+ P ^‘ (p B x -f- q B- 2 ) 
cos qtdt + M/Li e~ r2/l -- xt j‘ (r - /u+F)t 

(p B 2 — q B j) sin qtdt (16) 

These integrals are of the form ^ 6 ax sin (3 x d x and 
J e“* cos )3 xdx, integrating by parts 
f e“*sin 13 xdx 

_ e“* sin 8 x 8 r 

a ~a J e<xx cos 0 x d x 

j e ax cos 8 x d x 

t ax cos 8 x , 8 r 

^ h — J sin 8 xdx 

Transposing 

j e ax sin 8 xdx + d/a J* e"* cos 8 xdx 


e ax sm d a: 


J e ax sin 8x d x + j" 


e“* cos 8 x d x 


_ e ax cos d x 


Eliminating j ", 
have 


c cos 8 x d x and simplifying we 


*"* sm 8 xdx - — ( a sin d a: - d cos d as) 

Eliminating J* e «« s i n 8 xdx we obtain 


6“cos 8xdx 


p 2 (ft sin ft x + a, cos ft x) 
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The integrals of equation (16) can now be evaluated 
by means of these formulas as follows. 

€ (y 2 /La+p)/ sin qtdt 

L 2 2 e (r */ L2 + p ) / 

~ ~0r 2 + L 2 v) 2 + L 2 2 q°~ 


( r 2 + L 2 p \ 

y --sm q t - q cos q t J 


e(^/L 2 +p)/ cos qt fa 

L 2 2 e (r2/L2+r)t 


(r 2 + L 2 p ) 2 + L 2 2 q 2 

( q sin q t + — P cos g *) 


L, g +P)/ 


Substituting in (16) 

j 2 - JL -|_ e _r./LiX/ _ ... 

r* £2 (r 2 +B 2 p) 2 +£ 2 2 g 2 

[ (p Si + g B 2 ) L 2 g sin gi + (p Bi +• g ,B 2 ) 

(r 2 + Li p) cos gi + (pB 2 - g Bi) (r 2 + L 2 p) 
sin git - (p B 2 - g Bi) L 2 g cos gi] 

= B_ + M 


7 * 2 (r 2 H~~ p) 2 + L 2 2 q 2 


{[(.pB 1 + qB 2 )L 2 q + (p B 2 - q B x ) 

(r 2 + L 2 p) ] sin g t + [ (p + g B 2 ) (r 2 -f Z, 2 p) 
- (p B 2 — g Bi) Li q] cos g £} e p ' 

i = _E_ _ M 

r i (r 2 + Li p) 2 L/ g 2 

{ [ (£2 (g 2 + P 2 ) + p r 2 ) Bi - g r 2 Bj] 

sin g f + [ (L, (g 2 + p 2 ) + p r 2 ) Bi + g r 2 BJ 

cosg£}e p * (17) 
From equation (15) we have when t = 00 Ai = iiW 
and when t = 0, Bi = — ■i 1 ( p ). 

Since i 2 = B/r 2 when t = 0 we have from equation 

(17) 
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M [ [Lj (£_ + p 2 ) +pr 2 ]gi + q r 2 -B 2 } _ n 
(r 2 + L 2 p) 2 + L^q* U 

or [is (3 s +V r ) + pr 2 ]B x + qr t B 2 = 0 

Substituting B x = iV s ) — i x M 
l (g 2 + p 2 ) + pr 2 ] («V s) - ?i (p) ) = — qr 2 B« 

B„ _ _ (ii (s) - f i (p >) [La (g 2 + ff 2 ) + p r 2 ] 

3 r 2 

Substituting in equations (15) and (17) 
ii = *Y P) + j (tV s) — ii (p) ) cos q t 


w + FV + £ r 2 | 


Qr 2 


sin ^ i 


} e " 


(18) 


u = A 

r 2 


- — ^ 1<S . _ jx (p) ) { [L, (g 2 + p 2 ) -j- pr 2 ] 2 — ( 7 2 r 2 2 | 

3 r* l (r 2 + L 2 59)2 _(_ j^ 2 2 g*]-- 

e*‘ sin g t (ig\ 

If the initial condition is open circuit = 0 and 
the formulas m the three cases then reduce to 
Case I. 

i. -»><’’ + 


r 2 (o 2 — ad 
a 2 id p ) 


O '2 + L 2 Oj) e ait 


r» (a 2 - «!) 
i, = .JL j_ «2 «i (p) , 

Case //. 

*i = ijW -)- ijfr) j~ a £ ( r 2 + Ly a) ^ j 


cfl/ 


{„ = JL > M a 2 t i !« 

“ r r -—--— ca* 

r 2 r 2 e 


( 20 ) 

( 21 ) 

( 22 ) 

(23) 
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Case III. 


ii = ii (p) + 


j * X W [Lo (q* +p2) + p r j 

( w* 81 


,( p ) 


cos q t 


(24) 


. = E_ 

2 r 2 

i M. isl + y 2 ) + v ^] 2 — g 2 r 2 2 } 

? ^2 [ (X2 ~h Li p ) 2 -f- i 2 2 $ 2 ] 

' e p/ sin q t (25) 

It will be noticed that in every case the current 
formula contains the permanent value of current and 
one or more transient terms. These terms contain the 
factor e to a negative exponent, which in magnitude 
varies directly with the time, and since the exponents 
are usually relatively large the transient terms reduce 
to zero in a very short time. Since we desire to know 
the value of the peaks of these current fluctuations in 
the main circuit it will be of interest to know the tim e 
at which they attain their maximum value. 

This is easily obtained by differentiating the current 
formula with respect to t and putting the derivative 
equal to zero and solving for t. 

Differentiating equation (20) with respect to t and 
equating to zero. 

“r, (a, - a x ) (rs + L * ae ° ! ' 

a 2 iV p) , 

~ Ma 2 - ax) (r * + U a ‘)®i = 0 

£i «2 ijW 

~2 (a* - Ox) 1 (r2 + Li a 2) - ( r * + ^2 Oi) = 0 

(r 2 + I/ 2 a 2 ) = (r 2 + L 2 a^) e ai ' 

egi< _ r 2 + Li Og 
ij -(- Z, 2 a 2 

Taking logarithms of both sides 
a 2 t- ai t = log, (r 2 + L 2 fll ) - log, (r 2 + L t a 2 ) 
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sin q t L 2 q (g 2 + p 2 ) 

cos qt Li p (g 2 + jjt) + r2 (g* + p*) 

: = _ hi 1 (Jl + P 2 ) = _ I/ 2 g 

(L 2 p + r 2 ) (g 2 + p 2 ) L 2 j) + r 2 


9< = tm_ '(-i77T7:) < 28 > 


The tangent is a periodic function and an unlimited 
number of values of t would satisfy this equation. 
However, the coefficient of sin g t in equation ( 24 ) is 
usually positive and greater than the coefficient of 
cos g t, and since the factor e P! decreases with time the 
current usually reaches its maximum value while the 
sin g t passes through its first series of positive values, 
that is the first or second quadrants. Hence, if 

( ~ LLp + r, ) is P° sitive the angle q t is in the first 


quadrant and if negative the angle is in the second 
quadrant for maximum values of line current. 

These formulas have been derived on the supposition 
that the mutual induction due to eddy currents in the 
frame is negligible.. This assumption is permissible 
when the frame section is relatively thin, and since the 
generators under discussion are single-operator units, 
they are built in small sizes only. In larger sizes this 
effect would have to be taken into account since it 
would be appreciable, unless the frame is laminated. 

As illustration consider a 150-ampere 1750-rev. per 
min. generator with the following constants: L, 
= 0.00245, L, = 14, ri = 0.03, K = 0.0825, M = 0 05 
r 2 (including rheostat) = 130 ohms, n x = 3, n 2 = 800 
assuming a normal arc voltage of 22 volts, the field 
current required at 150 amperes normal voltage is 0.96 
amperes, the permanent short-circuit current is 228 
amperes. The open-circuit voltage being somewhat 
limited by saturation is 50 volts. External excitation 
voltage is 125.. We wish to find the current peak when 
he machine is suddenly short-circuited from open 
circuit. Hence R = 0. 
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We then have 

L, L 2 - M- = 0.0317 P = 0.278 P r 2 = 36 
PP 2 + r«L x - M K n 2 = 0.898 p = - 14.2 g = 30.5 

228 114 (30.5 2 + 14.2 2 ) - 14.2 X 130} 

30.5 X 130 “ 798 

0.05 X 228 {[14 (30.5 2 +14.2 2 ) -14.2 X130] 2 - (13 0 X 30.5) 2 1 
130 X30.5[(130-14.2 X 14) 2 +(14 X30.5) 2 ]- 

= 2.73 

ii = 228 + 798 sin 30.5 t + 228 er 1 *- 21 cos 30.5 1 
= 0.96 + 2.73 (r 1 *- 21 sin 30.5 t 
The curves of these equations are shown in Fig-. 3, 
the maximum overreach of current occurs 0.04 seconds 
after the short circuit and is approximately 380 amperes. 



GENERATORS WITH SELF-EXCITED FIELD AND 

Separately Excited F ield 
I t was pointed out in the discussion of generators 
supphed with both separately excited and self-excited 
helds that the complete solution for the transient cur¬ 
rents would m that case require the solution of three 
differential equations and therefore involves the 

°li? CUblC ‘ However > a11 the conclusions in 
d ? th - 6 p 5°P° rtl0ns of armature, separately ex¬ 
cited and series field that can be drawn from the formula 
denved, apply equally well if a self-excited field is 

P° in , ted out that t0 ^tain data on the 

M r k ’ the CUrrent in the se P ar ately excited 
Id may be assumed to remain constant during the 

f“ s P ; nod / Th ^ -b then be two differfnfe! 
equations to solve similar to those already discussed 

chScteSic" 6 Self ' eXdtati0n brin ^ in the building-up 
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To obtain these data let us consider a generator with 
separately excited and self-excited shunt fields and a 
differential series field, and let 
ii_ = current in main circuit. 
it = current in separately excited field. 

H = current in self-excited field. 
n x = number of turns per pole on series field. 
n 2 = number of turns per pole on separately excited 
field. 

n z = number of turns per pole on self-excited field. 
L x = coefficient of self-induction of main circuit. 

I/ 3 = coefficient of self-induction of self-excited field. 
Mi = mutual induction between main and self- 
excited field circuits. 

The e. m. f. induced by rotation then is 
e — K (n 2 i 2 + %z iz — n x i x ) 
and for differential equation of main circuit we have 


T d % 3 . . 

"a b r z ^3 — M x 


K (n 2 i 2 + Uz iz — n x i x ) = 0 ( 29 ) 

and for differential equation of self-excited field circuit 

In symbolic form they are 
(UD + n + R + K no i, - (M 1 D + K n 3 ) i 3 
= Kn 2 i 2 '■ 

— (Mi D + R) i 1 -f- D + r 3 ) i 3 = 0 
Let ri + R -)- K = P and eliminating i 3 


(30) 


(31) 

(32) 




(33) 


I { - L \^ + P )~^MiD+Kn 3 ) 

\-(M 1 D+R) (L 3 D + r 3 

= Kn 2 i 2 - (Mi D + K M z ) 

0 (L 3 D + r 3 ) 

Expanding the determinants we have 
[ (Li L 3 - Mi 2 ) D 2 + ( PL 3 + r 3 L 1 - MiKn 3 - Mi R ) 
D + (P r 3 - R K n 3 ) ] i, = K n 2 i 2 r 3 . 
An equation of which the general solution is as before 
ii= Ai -f- A 2 e ati A 3 € ait 

Where A u A 2 and A 3 are integration constants and 
a i anc * a 2 the roots of the quadratic 
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It will be noted that if r 3 has a sufficiently small 
value relative. to n z the expression pr z — R K n 3 
becomes negative and the quadratic has a positive 
root. One of the transient terms in the general equa¬ 
tion for ii then contains the factor e to a positive 
exponent which means that the current would continue 
to increase. Such a low value of self-excited field 
resistance would not be used in practise, because the 
regulation of the machine would be very poor, and 
even if it were the current would be limited by saturation 
which has not been taken into account in above formula. 
There are consequently again three cases to be con¬ 
sidered according to whether the expression under the 
radical sign is greater than, equal to, or less than zero. 
Case I, Roots Negative , Real and Unequal . 

ii == Ai + A 2 e ait + A 3 e a2t ( 34 ) 

From equation (30) we have 

L ‘ 4r 

Solving for i 3 

-1 .. , ... C / rl »\ \ 


£-r 3 /uXt I e r s /LzXi 


+ R ii 


Substituting the value of i x from (34) in (35) 

ii = h e ' r,/L,X ' J & A ' + A * (R + Ml a,) 

. + A 3 (JR -f Mi a 2 ) e azt ] dt' 

integrating and simplifying 

i 3 = -Ml + AiSl±MiNL 

Ux L z + r 3 

^3 (R + Mi a 2 ) 

+ a 2 L z + r 3 ^ (36) 

. As _befores let i i (s ) and be the currents in the main 
circuit at the initial and final conditions respectively 
and i 3 s and the corresponding currents in the 
field circuit, we then have from equations (34) and (36) 
when t = oo K ’ 

, , A x = *x<W = AM 

and when t = 0 • r 3 

A 2 + A 3 = i x (s) _ v(p) 


ail»s + r g 2 a 2 Z, 3 -fr 3 ~ 

Solving these equations for A 2 and A 3 


A 3 = i 3 ( s > 


i? ix 
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It has been shown in the paper that when r s = K n 3 
the machine regulates for constant current over the 
operating range in which case = f/p) and 

- ijW = 0 , under these conditions formulas (37) and 
(38) reduce to 


i 1 = p) _|_ Hi— Rh^) (?~3 + D 3 ) (r 3 + ( 11 X 3 ) 
r 3 (RL t -M ir ») (a,-a,) 


[e arf — € a >'] 


(39) 


* 3 = 


Rijto 

r% 


+ 


(f 3 (s) r 3 — Ri-fiy 


r z (R L 3 — Mi r 3 ) («! — a 2 ) 


[ (r 3 + «i L») (22 + ikTj os) e^- (r 3 + a 2 X, 3 ) 

(R Mi cii) e' 1 ' 1 } (40) 

Since the current remains constant over the operating 
range for one value of r 3 only, formulas ( 39 ) and (40) 
cannot be used to determine the effect which a change 
m the resistance of the self-excited field will have on 
the momentary value of the main current. Experi¬ 
ments have shown, however, that a variation in this 
resistance over quite a wide range, other things remain- 
ing nnchanged, has practically little or no effect on the 

7 v, hQ arC - This is indeed t0 be expected, 
because while an increase in the resistance improves 

he time constant r 3 /L 3 it also reduces the building- 
up characteristic as a self-excited machine. 

cannot^JT ^ cireuit ° r infinite external resistance 

don.i! 5 ? ! n aS ° ne of the initial conditions as was 
e in the discussion of the separately excited machine 

because the voltage formula is based on the straight 
part of the saturation curve only. Manifestly, if the 
saturation curve continued in a straight line the 
voltage would be infinite for infinite external resist- 

.Jj 1 ! highest value we can assume the external resist- 
ance to have must be limited to the point where the 
ampere curve begins to bend rapidly from the 
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straight line, the lower limit is, of course, zero resistance 

or short circuit. 

TV hat we are particularly interested in is the current 
fluctuation in the main circuit when the external 
resistance is suddenly changed from one to the other of 
these two extremes. 

If the machine is suddenly short-circuited R = 0 
and formulas (39) and (40) become 


!, = Jj(P) _j_ h-L ( r 3 a - -^ 3 ) O'3 ~f~ ffl l Lz) 

-M 1 r z (ai-a 2 ) 


(e a — e ait ) 


U ~ M1 t* (ai — o s ) [ + ai Li) Ml ° 2 e<!2 ‘ 

— (jz + a 2 Lz) Mi a x e ait ] ( 42 ) 

If an external resistance R is suddenly inserted in 
the mam circuit when the generator is running on short 
circuit i z <s) = 0 and the formulas become 

ii = i x ( p) _ fi (p) (r 3 + Co L 3 ) (r 3 + L 3 ) 

r 3 (R Lz — M x r 3 ) (ai — a 2 ) ^ ~ 


3 = -ff _ _ _ R ii& ' 

r3 ?"3 (/f Lz — 7k?! r 3 ) (aT — o s ) 

[ ( r s -I- I/ 3 ) (f? + Mi a 2 ) - (r z _|_ a2 £,,) 

(R + Mi ai) e ai/ ] 

Ca-se II, Equal Roots. 

If the roots of the quadratic be expressed as follows 
»■-“ + '> a,-o-A 
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When h = 0 the indeterminate fraction may be 
evaluated as before and is equal to — 2 t and we then 
have 

i, = 2 (p) _ fe (s) r 3 - R ^x (p) ) [r 3 + a L s ] 2 1 
1 U u&U-Mi r.) 6 (45) 

When going from welding voltage to short circuit we 
have again R = 0 and 

*'■ - >'■"> + ilW( Vr? L,) ’‘ (46) 

and when going from short circuit to welding voltage 
i 3 (s) r 3 = 0 and 


ii = ii ( 


R (r + a L 3 ) 2 1 
r% (R L 3 — ikfi r 3 ) 


Substituting a + ft for a x and a — ft for a 2 in equation 

(40) 


{i = ^ , (f 3 (s) r 3 - ig i^)) 

r* r 3 {RL 3 - M l r 3 )2h 


{ (a + A) L 3 ] [i? 4- Mi (a — ft) L 3 ] 

— [ O '3 + (cs — ft) L 3 ] [R + Mi (a + ft) L 3 ] 

e (a+A)<} 

£ ^i (p) , (»*«•> r 3 - R i x M) 

r i ~s {R - Mi r 3 ) 2 ft 

{ [ (r 3 + a L 3 + L 3 ft) (i? + _M X a — M x ft) ] <r hl 

— [ (r 3 + a L 3 - L s ft) (R + M x a + M x ft) ] 

z ht ] e at 

R iN. I p3 (s) r 3 - R ilM) 
r 3 ~3 (R Ll - M~i r 3 ) 2 ft 

{[ (r 3 + ai 3 ) + L 3 ft) (£ + Mi a) - ikfi ft) ] 

— [ (r 3 + a L 3 ) - L 3 ft) (i? + Mi a) + M x ft] 


j:^ (p) , 0~ 3 (s) r 3 - R 

r3 r 3 (if L 3 — ilfj r 3 ) 2 ft 

{ [ (r 3 + a L 3 ) (£ + Mi a) + (jj + i|f x a ) £ 3 A 
- ikfi L s ft 2 ] e ~ ht - [(r 3 + a L 3 ) (i? + Jfj a ) 

- (R + Mi a) L 3 ft - L 3 ft 2 ] e*< 
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= E . frV s) r 3 — R j^W) 
r 3 r 3 (if Z , 3 - Mi r») 2 

{ (# + Mi a) L 3 e- &i + (if + M i a) L 3 e ht 

+ (r 3 + a L 3 ) (R + Mi a) ^———-—-—^ j- e m 

and for limiting value as h approaches zero as a limit. 

i 3 = R ^ (P) . (» 3 (s) r 3 - if *!«) (if + Jkfi a) 

^3 r, (R L s - Jf x r t ) 

[L 3 - (r + a L s )i ] e a < (48) 
and when going from welding voltage to short circuit 
• is (s) a r . 

* 3 - — [ (r 3 + a Li) t — L z ] e at ( 49 ) 

and from short circuit to welding voltage 

ii = R . R (Jt_ + Mi a) 

rz " r r.i(RLi-Mir 3 ) 

[ (r + a Li) t — Li] e at ( 50 ) 

Case III, Roots Complex Imaginary Numbers. 

The roots may in this case be represented by the 
expressions. 

P + j q and p — j q 
and the general solution of (29) is 

ii = Aj. h + e pt (B x cos q t + B 2 sin q t) ( 51 ) 

From equation (30) 

L ~sr + r3 lz = Mi 4r + R il 

Substituting in this equation from (51) we have 

r d i 3 . 

hz ~~dT + = R A l + e pt 

(Mj_ p Bi + Mi q B 2 + R B{) cos q t -f~ e pt 

„ , P Bi — Miq B x + R B 2 ) sin q t 

solving this equation 

f 3 = C R Al e^xt dt+ l e -„ /L ,x t 
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f e r,/u x ‘ {Mi pB x + MiqBi +RBi) 


« pi cos qtdt + —f-’VL.x/J e r 3 / L , x/ 

(Mx p B 2 — M! q Bi + JR B%) e Pt sin q t dt 

e-r./L.xt RaS e r,/L > xt dt 


+ (MiPBi ±M ± gB 1 + RBi) 


g—ri/Lz Xt 


J e (rs/L i +p)l CQS gifa 

I {MipBs- MiqJB, + RB,) 


-rz/u Xt 


/• 


/ 

/ 


e fr s /L,+P)i s i n qtdt (52) 

Evaluating the integrals by means of formulas 
e<XX sm 13 x dx = 02 (« sin /3 X - /3 cos /3 x) 


_ rGLX 

«"cos 3xdx = —^— r ^ r (p Sill (31 + a cos ,8 s;) 




+ 


(ikfi p ikfi g B 2 -f- BBi) €~~ r */ L *+* ^.(rt/hz +p)/ 



lii. 



I 


q sin g £ + 


(r; + p ) 


cos g £ 


_j_ {Ml $ Ml. Bi~\-Ij j? 2 ) €~~ r, / Lt X* gfr»/L»+p) 




+ ? 2 
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• V ) sin q t - g cos q t 


r 3 (r 3 + L S p ) 2 -j- L s 2 g2 

^ v Bl + Ml q B - + -Ls g + (M 1 p B 2 
— Afi qBi R B 2 ) (r 3 + L 3 p) ] sin q t 

+ m 1 PB v + Ml< l B *+ R Bi) (r, + L 3 p) 

Simplifying ! s '+ **«£.«] cos ,(| 

i, = - i?Al . __€«_ 

r 3 (f s -f- B 3 p) 2 + L z 2 g 2 

{ [ilfr L, B 2 (g 2 + p 2 ) + ikf x r 3 (p S 2 - g BO 
+ i? -La (g + p B 2 ) + R B 2 r t ] sin g t 

1 K Ls ^ ((?2 + ^ (pBf + g B 2 ) 

+ R L'3 (p B 1 - q B 2 ) + R Bx r 3 j cos g £} ( 53 ) 

From equation (51) we have when t = oo A, - i, W 

-Wi -L 3 Bi (g 2 + p 2 ) + Jfj ?- 3 (p Bj + g B 2 ) 

---- _+ R L >- iP R i— q B 2 ) + R B, r. 

Oti + L s p) 2 ‘+ B 3 2 g2 

. _ ^a (s) r 8 — B ijW 

r, 

. ^ en the resistance of the self-excited field is ad¬ 
justed so that generator regulates for approximately 
constant current we have 

i/ti - p) = Bi = 0 and 

J^l^Bi-^Rl^Bi _ r 3 - RiM 

(r 3 -f L s p) 2 + L t 2 g 2 ^ 

Solving for B 2 

B 2 - ^ a(S) r 3 ~ ^ ti (p) J> J (rs ± Lz p) 2 4- Ls 2 g 2 ] 
r 3 g (ili 1 Tz ~ R Lzj — 

Substituting in (51) < ‘ 54 ' ) 

ii = <iW + ii» W r .lzJL ti (p >) [ (r, + Lz Pl 4- LS- n 2 1 
. r 3 q {Mirz- RLz) 

e Pi sin g t 


( 55 ) 
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Substituting B 1 = 0 and 

Mi Li Bi (q- + p 2 ) + Mi r s {pB x + q B 2 ) 

_ +RL t (pB 1 - q Bo) + R Bi r 3 

(r 3 + L s pY + L 3 2 g 2 


_ ^3 (s) n — R 


in equation (53) we have 
Je ii (P) , 


i ^2 [Mi L z ( g 2 + p 2 ) + ¥i r 3 p + jjj L 3 p + R y 3 ] 
* (r 3 + Z/3 p) 2 + Q 2 


air* n i . ^3 (S) r 8 - ieiiW. 

sin q i -f----- cos q ^ 

T 3 


Substituting B, from equation (54) 
i 3 = — Ml' i fe (s) n — R jJ?Y) gw 


i Mi la (g 2 + y 2 ) + Mi tj p + r l 3 p -f Rr 3 

1 q{Mir 3 ~RLi) 

sin q t + cos q t j- (56) 

When going from welding voltage to short circuit 
.ffi = 0 and formulas (55) and (56) become 

L = *.(*) + + Ls pY + L 3 2 q 2 ] e Ft . 

1 1 + qMMz - Smqt ( 57 ) 

= H(s) .Pi j Ls (? 2 + p 2 ) + r s p . . . ) 

13 h € l - — -- Sin q t + cos q t j- 

. (58) 

And when going from short circuit to welding voltage 
i 3 (s) = o and the formulas reduce to 

i, = - ft Ml \JYj_ + Ls pY + Ls 2 q 2 ] e p ‘ . 

1 • ^(M^n-RLs) - smqt 


R 

r 3 


R 

r 3 


( 59 ) 
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Ml hi ML + If) + Mi r 3 V + R U p + R r, 
( 1 (Ml rl ~ R L 3 ) 


sin q t + cos q t i (60) 

To find the time at which the current fluctuation 
becomes a maximum or a minimum we differentiate 
equation (39) with respect to t and put the derivative 
equal to zero as follows 

—^-—| ij(p) _[. fa (s) r 3 — R f i (p) )(r 3 + a 2 L 3 )(r 3 + eg L s ) 
dt * ulkL t -M ir ,) (cTi — a 2 )- 


[ e a 5 < _ e «it] |=0 

[a 2 e 45 ‘ - a x e ai( ] = 0 

a 2 e 32 * = ai e ait 

To solve this equation for t we take logarithms of 
both sides, and since and a 2 are in general negative 
It is preferable to make the following substitutions to 
avoid taking logarithms of negative numbers 

0,1 = ~ ai ' a 2 = — a 2 ' and we have 

- a 2 ' e~ aM = - ad e- ai,< 

Changing signs and taking logarithms of both sides 
log a 2 ' — a 2 't = log ad — ad i 
■ (ad — a 2 ') f = log ad — log a 2 ' 

2 _ log ad - log ad 
ad - a 2 ' 

And when logarithms are taken to base 10 instead of 
Duse 6 

£ _ 2,31 (log ad — log q 2 ') 

ad — a 2 ' ( 61 ) 

To find the time of maximum or minimum current 
fluctuation m the second case we differentiate equation 
(45) with respect to t and equate to zero. 

i _fe (s) r 3 - R ijM) |> 3 + L, al* . . i 

< ~(RL 3 - M 1 r7) - [e + ta ^}\ =0 

6 °‘ (1 + t a) = 0, or £ =-^02) 

In case III we differentiate (55) and equate to zero 
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fe (s) r 3 - R ijM) [ (r a + L, p)* + L»* q* 
r* q (M 1 r 3 - R L s ) 


dt 


(e pi sin < 71 ) =0 


hence 




(e w sin q t) = 0 


V e p< sin qt + q t*‘ cos qt = 0 


V sm q t = - q cos qt 
sin g t _ q 
cos qt p~ 


q t = tan- 


■c-f-) 


The angle qt usually to be taken in the first quadrant, 
smg the same illustration as before except as- 
summg that the generator has been supplied with a 
self-excited field of the following constants n s = 325 
turns, r 3 = 27 ohms, M 1 = 0.0203 henrys L s = 2 5 
henrys. 

Assume the separately excited field set for 150 
amperes m the main circuit and an external resistance 
varying from 0.2 ohm to 0 and back to 0.2 ohm. The 
other constants of the machine are L, = 0 00245 
r i = 0.03 k = 0.0825. 

The curves in Fig. 9 show the current fluctuations in 
the first case when the machine is short-circuited and 
the curves m Fig. 10 show the momentary currents in 
the second case when the external resistance is sud¬ 
denly inserted. 
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Discussion on “Design of Constant Current 
Generators for Arc Welding” (Hansen), 
White Sulphur Springs, W. Va., July 1,1920. 

R. W. Owens: In connection with Fig. 13 of Mr. 
Hansen s paper, in the statement that follows, he has 
said something with regard to the possibility of chang- 
mg the characteristics of an arc welding machine of 
that type by changing the resistances. I would like 
to emphasize that point a little. By changing the 
values of the resistances r s and r 4 or by changing the 
value of the separate excitation, I believe that it is 
possible with that type of machine to duplicate the 
characteristics of any one of the various machines that 
are described m these papers. 

Now that leaves it open to the designer of a machine 
to pick out those characteristics which give 
the greatest ease of manipulation of the arc. 

P ° mt ^ nnot t0 ° singly emphasized for arc 
welding machines to be used for manual operation of the 
J c ’ e ^ n til0 .ng h the ease of manipulation is obtained 
““f sacrifice of efficiency, for the reason that in 
manual operation we are concerned with both labor 
costs and power costs. That is, if we obtain extreme 
ease of manipulation it is conceivable that it is pos- 
sible to save m labor what might be sacrificed in the 
efficiency of the machine, or, in other words in Se 
hour s time, it will be possible for a man to deposit a 

ttJSEt&sr* 1 - than if the machiM ™ 

S; . R - Bergman : It was stated that by aid of the 

described SSf ^ Simik l t0 of chines 

described in these papers can be obtained. This mav 

possible if a steady load is used, for example such 

load as is obtained on steady resistance load ’ But 

there is a distinct difference between the values ob- 

tamed on a steady resistance load and the values 

obtained when the load changes abruptly as is the case 

m an arc-welding machine. The instantaneous vaffies 
depend upon the inter-relationship between the arma 
ture and the different windings in the field. There- 
ffire smce a!l of these machines employ different com- 
bmation of windings such as shunt and series SndTngs 
on the poles I predict that all of these machines wffi 

! r Ued toTioSftS 

ldnges rapiaiy. l can, therefore, not a^ree with tho 
statement that all of these machines can be made to 
gve similar characteristics when applied to arc weld- 
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AUTOMATIC ARC WELDING APPARATUS 


BY S. R. BERGMAN AND R. L, UNLAND 

Both of the General Electric Co. 

A MONG the' requirements which must be met by 
arc welding equipments are simplicity and relia¬ 
bility. Their importance is increased by the 
fact that in a great many cases these equipments are 
installed and operated in locations where no trained 
electrical help is available. A new type of arc welding 
generator is described which inherently possesses the 
electrical characteristics desirable for single operator 
arc welding generators. This results in the elimination 
of external resistors or other regulating devices since 
the generator delivers at its terminals the voltage re¬ 
quired by the arc and the current for which the equip¬ 
ment is adjusted. 

It has been found that a drooping volt-ampere char¬ 
acteristic or a circuit in which the current decreases as 
the voltage increases, or vice versa, is advantageous for 
successful electric arc welding. This has been obtained 
in the past by the use of constant potential generators 
with a resistance in series with the arc to provide the 
drooping characteristic in the arc circuit. It has also 
been accomplished by using differentially wound gen¬ 
erators with a separate excitation source to provide 
a stable magnetic circuit to act as a base for the regu¬ 
lation of the generator. In the generator described 
this result is accomplished by what may be called a dual 
magnetic circuit. 

In the generator described the design consists of a 
four-pole field structure and an armature wound for 
two poles. The field poles are paired to give two 
adjacent poles of each polarity. The opposite field 
poles have the same character and are similarly con¬ 
nected in the electrical circuit so that variations in the 
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excitation occur simultaneously in the opposite poles 
and consequently the flux may be considered as two 
individual circuits, each of which passes through a pair 
of opposite poles, the armature and the field ring. 

These two fluxes are independent of each other as long 
as the magnetic structure common to both is not satura¬ 
ted. One of the magnetic circuits, referred to as the 
main field, is designed to provide constant flux and 
thereby maintain constant voltage in that portion of 
the armature under the influence of this field. The 
field poles in this circuit are designed to be saturated 
under normal conditions and therefore the flux will be 
very slightly affected by considerable variations in the 
electrical circuit. The other component of the field is 
at right angles to the first and is referred to as the cross 
field, and in this circuit the magnetic structure is not 
saturated. These two individual fields generate elec¬ 
tromotive forces in the armature which under no-load 
conditions add arithmetically to provide the no-load 
voltage of the generator. As current is taken from the 
load brushes of the generator, however, an armature 
reaction is built up which may be resolved into two 
components at right angles, in line with the field fluxes 
described above. One component tends to increase j 

the main field flux, the other component opposes the 
cross field flux. On account of saturation in the main 
field magnetic circuit further increase of flux is impos¬ 
sible, but in the cross field circuit the initial flux is > 

reduced as the current and armature reaction increase I 

and when the generator is finally short-circuited this ! 

flux is reversed to a value equal to the initial value. As 
the cross field is reduced and finally reversed it is obvi- j 

ous that the electromotive force generated in the arma- j 

ture by this flux also decreases and is finally reversed. 1 

The line voltage of the generator consists of the sum of 1 

these two voltage components. Under the no-load ( 

conditions they are equal and on short circuit the com¬ 
ponent due to the cross field has the same value as at k 

no-load but is reversed so that the terminal voltage of 
the generator is zero. 

A differentially connected series winding is placed on 
the cross field poles to assist the armature reaction when I 
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it is desired to reduce the current output of this gen¬ 
erator. 

It is a simple matter to produce a generator which 
under steady load conditions has the drooping char¬ 
acteristic considered desirable for arc welding but when 
used for arc welding such machines fail due to slow 
regulation and the lag between the sudden variation in 
the arc and the corrective electrical or magnetic adjust¬ 
ment in the machine. It should be borne in mind that 
the regulation of this generator is mainly produced by 
the armature itself. Since the armature is the seat of 
the induced voltage it is obvious that if the armature 
itself is the seat of the regulating power this action is as 
intimate as can be obtained. 

A new development is also described which takes the 
form of a device for automatically feeding a bare wire 
electrode into the welding arc at the exact rate required 
to maintain constant electrical conditions in the arc. 
This device consists of a small direct-current motor 
geared to feed rolls and electrically connected across 
the welding arc through control with the result that 
the speed of the motor and consequently the rate at 
which the wire is fed into the arc varies with the voltage 
across the arc. The result is that practically constant 
voltage is maintained across the arc and therefore the 
current will be constant. The arc voltage may be 
maintained below any value which is possible with hand 
manipulation of the electrode, and due to the steadi¬ 
ness of operation the speed of welding may be greatly 
increased over that obtained by hand. The length 
of the arc can be maintained at'a minimum with 
the result that the metal has little opportunity of being 
oxidized in ^passing through the arc and the metal 
deposited is therefore of a higher and more uniform 
quality than that found where hand operation is used. 
The field for this device is limited to manufacturing 
production where the number of duplicate welds is 
sufficient to warrant the making of special fixtures for 
holding-. the work and for facilitating handling. 
Illustrations of work performed and operating data 
are given. 
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Discussion on “Automatic Arc Welding Appa¬ 
ratus” (Bergman and Unland), White Sul¬ 
phur Springs, W. Va„ July 1,1920. 

K. L. Hansen : It is stated in the paper that the ar- 

S f \\ the S&d f 5 the induced e - m- f- and also the 
seat ot the regulating power. Does that mean for 
example, that when the flux is reduced by armature re- 
wW^ the ‘ r f nsie , nt current can be different from 
what it would be when the reduction in flux is produced 
by a series field ? If such is the case I would take ex - 
ception to the statement, because there is a certain 
amount of energy stored in the field and any change in 

w 1S refl ? cted in the armature circuit no 
matter what causes it. 

circuit Ca T\i S }° that °f an alternator on short 

? fact that m the alternator, the field flux 

L,? UCed -f y armature reaction to produce a steady 
^oit-drcuit current, does not alter the fact that there 

eircnif a w fl g f tran " ient current at the instant of short 
^' cult -.f t0 voltage induced in the field caused by 
the rapid change of flux. y 

, R- Bergman: I will answer that question bv 
stating that the further removed the field is from the 
armature, the more leakage and other conditions enter 
which makes lor conditions that obviously are further 
removed from the armature. The armature itself 
naturally is the seat of the electromotive force—the 

S er 5it rn ,iA f ^ he ?• ma ) ure are “ 

witii that electromotive force as possible. Take a 
commutatmg field for example, that commutating 
pole has larger leakage and saturation, of course and 

tionSf COndlt,0nS f nt ! r ’ whereas the armature reac- 
tion itself is more instantaneous in its action than would 

be any field located outside of the armature. That can 
be illustrated by oscillographs and has been verified: 
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ARC WELDING MACHINES OF THE WILSON 
WELDER AND METALS COMPANY 

BY ALEXANDER CHURCHWARD 

Engineer, Wilson Welder and Metals ('o. 

W HILE experimenting with alloy wire to get, 
greater strength than that obtained with the 
ordinary low-carbon wire, it was discovered 
that with a long arc a high-carbon content wire lost 
most of its carbon while going through the arc. 

Having the above in view, a system was developed, 
whereby a long arc cannot lx* drawn; It! to lit volts 
is accepted as a normal arc. There must be enough 
stabilizing resistance used to allow the are momentar¬ 
ily to be drawn out to 22 volts, to take can* of inequal¬ 
ities, of the piece to be welded, the burning oil of the 
electrode and unsteadiness of the operator’s hand. 
The lowest voltage to take care of this condition with 
ordinary resistance grids, non-automatic, was found to 
be 60, but this would give too long an arc with the or¬ 
dinary welder, it gave a flexible arc to be sure, but 
with the ordinary welder, a flexible are is dangerous if 
good welds are required. 

therefore, to get a normal arc without, dangerous 
flexibility, it was found that 35 to 37 5 volts was the 
maximum that could he used. Now, 35 volts with a 
fixed resistance will not. give a steady or constant 
current, it had also been determined that, unless the 
cut rent was constant, good welds of the maximum 
strength could not be made. It was derided to devise 
an automatic resistance, namely the carbon pile. 

The function of the carbon pile is briefly as follows: 
First: The carbon pile is in series with the arc. 
Second: A heavy spring compresses the pile to mini¬ 
mum resistance and adjustments mav be made for 
current values required. 
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Third: A solenoid in series with the welding circuit, 
counteracts the spring pressure so that any predeter¬ 
mined current value can be maintained. 

The generator is of the constant-potential low-volt- 
age type (35 to 37.5-volt) flat compounded. When the 
electrode is short-circuited on the work the voltage of 
the generator remains constant, and does not drop to 
zero, to be built up when the arc is started, but the 
solenoid instantaneously functions, and releases the 
pressure on the carbon pile, thus, inserting the proper 
amount of resistance automatically, preventing the 
short-circuiting current on the surge from rising more 
than 10 per cent above the welding current. As the 
arc lengthens and requires more voltage, the carbon 
pile, controlled by the solenoid, instantaneously re¬ 
sponds and the current when welding is kept constant 
within 5 per cent. 

This type of control was selected because its time 
element was much less than some other types of con¬ 
trol. It has especially proved itself in multiple arc 
machines, two or more welders operating from the 
same machine, sometimes on the same piece of work. 

^Vhat is claimed for this system is that there is pro¬ 
duced constant heat per unit area in the weld, not in 
the arc. 

Standard machines are made in three capacities, 
one-,two- and four-operator machines for all available 
circuits, both a-c. and d-c. Also gas-driven one- and 
two-operator sets, and belted machines to be driven off 
line shafts. 




Flu. r 

tiul from 75 to (>() volts. Curves arc* given showing the 
efficiency increase and also the disadvantages attend¬ 
ing any material decrease of the circuit potential below 
60 volts. 

The discussion then turns to the more recent devel¬ 
opments of variable-voltage or constant-current equip¬ 
ment of both the alternating and direct current types. 
Although the a-e. are welding transformer is about. 
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CHARACTERISTICS AND PERFORMANCE OF 
ARC WELDING MACHINERY 


BY A. M. CANDY 

Kiip.i niTi'i r ij; I Ji-J 1.-1 r I in*i I r . Wi.r.l.iii|ilinn:ii- Hlr. I Hr t v Mi... 

T HIS paper deals rather briefly at first with 
the earlier history of arc welding apparatus dis¬ 
cussing the increased efficiency of the constant- 
potential welding circuit and decreased size and cost of 
the_apparatus by changing the generated circuit poten- 
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one-half as heavy and expensive as the d-c. equipment 
its use at present and in the immediate future at least 
will be relatively limited for several reasons. 

1. To make the equipment commercially successful 
in the hands of the average welder it is necessary to 
use an especially prepared electrode. 

2. The alternating-current arc is not so effective in 
fusing metal as the direct-current arc assuming the 



same current in amperes in each case. In other words 
to obtain the same rate of fusion the ratio of alterna¬ 
ting current to direct current required is in the order of 
170 amperes alternating-current to 140 amperes direct- 
current.. 

3. The transformer is inherently a single-phase low 
power factor load (20 per cent to 30 per cent maxi¬ 
mum). This characteristic is necessary so that the 
arc will be reasonably stable. 

The first two features make the operating cost so 
much higher than for the interconnected constant- 
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current d-c. machine that the saving in operating cost 
per annum will be about 50 per cent interest on the 
difference of the first costs of the two types. 

4. No thoroughly satisfactory means of limiting the 
open-circuit voltage to reasonably safe values (60 volts 
or less) has as yet been developed. To be commercially 
satislactory the transformer must either actually de¬ 
velop or have the characteristics of an open-circuit 
potential of 135 volts minimum to 175 volts maximum. 

1 his potential is higher than the operator should be 
subjected to as it is a real life hazard. 



Pm, X 

The main portion of thejpaper discusses an inter¬ 
connected constant-current variable-voltage d-c. gen¬ 
eral,or and exciter (see Fig. 7) which lias been devel¬ 
oped and placed on the market quite recently. The 
generator is a commutating-pole machine provided* 
with a series field winding, a shunt field winding 
separately excited continually by means of a small 
exciter coupled to the generator shaft, and a second 
shunt field winding connected to both the generator 
terminals, and the exciter terminals so that under open- 
circuit and normal welding conditions it is self-excited 
by the generator voltage, whereas under short-circuited 
arc condition it is excited in the opposite direction by 
current from the exciter terminals. This field winding 
is therefore logically called a reversing field. The 
sedes field is connected so that, it always opposes the 
separately excited field. Under open circuit and nor- 
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mal welding conditions the reversing field (self-excited 
by generator) assists the separate field in maintaining 
the generator voltage. Under short-circuited arc con¬ 
ditions the reversing field is excited by current from 
the exciter so that it functions as a separately excited 
field and assists the series in opposing the separate field 
thereby limiting the generator voltage to a value such 
that the short-circuit current is substantially the same 
as the normal welding current. This characteristic 
is illustrated by Fig. 5. The scheme of connections 
producing these characteristics is illustrated by Fig. 8. 
A very decided advantage of this interconnected scheme 
is the fact that the arc is given the advantage of the 
constant potential continually developed by the exciter 
although the generator terminal voltage is never above 
60 and varies from that value down to practically zero 
when short-circuited. 

A- portion of the exciter voltage exists across the 
electrode terminals instantly when they are separated 
by the operator incident to striking the arc, thereby 
materially assisting him in starting the arc regardless 
of any lag in the generator building up its voltage. 
Furthermore, this impressed constant potential from 
the exciter circuit helps to stabilize the arc making it 
exceptionally tenacious. Both of these features are of 
very material assistance to the welding operator. The 
latter characteristic is illustrated by Fig. 10 where the 
lack in the generator terminal voltage is indicated when 
the arc current was broken suddenly by deliberately 
separating the electrodes quickly. 

Another feature of this machine is that it can be 
successfully used for graphite electrode welding, de¬ 
livering 150 amperes at 40 volts, as illustrated by Fig. 
18. Where more than 150 amperes is required two or 
more equipments can be operated in parallel by 
simply connecting together the external leads of like 
polarity of the generators. Due to the character¬ 
istics of the generator no equalizing connections are 
necessary. 

Due to the elimination of losses in resistances in 
series with the arc the operating cost for the intercon- 
nected constant-current machine is considerably less 
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than for the 60-volt constant-potential equipments and 
of course proportionally smaller than for 75-volt con¬ 
stant potential equipments. A curve and typical exam¬ 
ple comparing the operating cost of six interconnected 
machines with that of a 1000-ampere, 60-volt machine 
feeding six welding circuits are given. The figures 
show that although there is a difference in first cost 
of approximately $2050 in favor of the 1000-ampere 
equipment, under, normal average operating condi¬ 
tions where central station a-c. service is 3 cents a 
kw-hr. the annual saving resulting from the use of the 
interconnected equipments is equivalent to practically 
60 per cent interest on the additional investment of 
$2050. 

Summary of the advantages of the interconnected 
constant-current scheme, 

1. Ease of striking arc. 

2 . Ease of holding arc due to increased stability. 

3. Operating expense less than for other types of 
equipment. 

4. Simplicity of obtaining current adjustment. 

5. Generator polarity cannot be reversed even 
though exciter circuit should be accidentally opened. 

6 . Two or more generators may be operated in 
parallel for graphite welding without requiring equal¬ 
izer connections. 

7. A maximum of 225 amperes for metal electrode 
and 150 amperes for graphite can be obtained from 
one generator. 
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Discussion on “Characteristics and Performance 
of Arc Welding Machinery” (Candy), White 
Sulphur Springs, W. Va., July 1, 1920. 

C. J. Holslag: This talk of constant current being 
the heat in the arc has appeared to me for the last six 
or seven years to be foolish, and yet nearly everyone 
seems to accept that belief. 

I believe that watts constitute the rate of heat in the 
arc and I believe after it is pointed, out that you will all 
think that way. Certainly, Pr at the tip of the 
electrode and P r at the point of the plate does not 
explain the real state of things. Those two Pr are 
each made up of an E. I. and an I and the conception 
of an E in the center of which the I will not combine with 
to make watts, is too much for anyone to grasp. 
Granted that watts represent the rate of heat supplied 
to the arc, the ideal condition is that this rate besupplied 
so as to approximate constant heat. Our idea of this 
is to supply constant rate of heat for any given setting 
for any given length of arc, with an increased rate 
allowing for radiation for longer arc lengths. 

Another point, although the watts should be held 
constant for any given operation to properly meet the 
characteristics of welding, they should be made up for 
various electrodes and various operations of the two 
factors—volts and amperes in different quantities. For 
instance, the bare wire electrode might have best con¬ 
ditions with 18 or 20 volts across the arc and 200 am¬ 
peres through it, while a heavily coated electrode would 
be most efficient with the same watts made up of 100 
amperes and 36 to 40 volts across the arc. It would 
be impossible to get the best results with these condi¬ 
tions reversed for either electrode. 

Now, as Mr. Candy has pointed out, the ideal weld- 
lng machine must not only meet the two extremes, but 
fi 1 f r , range in between. There is no d-c. machine 
l at ^ know of which will properly use all types of 

Another essential which is outlined in the abstract 
of my paper is that the arc voltage, while of certain 
vaiues as given in the table herein, may be the same 
for different types of electrodes, yet this voltage may 
be made up of different factors for different electrodes 
or for different operations. 

The idea I have tried to convey is that the arc volt¬ 
age consists of three separate voltages, two of which 
are alike, and well known, and the third is the guardian 
or holding voltage which is different to anything ordi¬ 
narily taught. For instance, no one before ever built 
an a-c. machine that would hold an arc at the impress 
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voltage of the arc. The answer as I see it is that there 
is a voltage necessary to not only start the arc but to 
keep it from going out, which is ordinarily of such short 
duration that it does not add materially to the average 
voltage, and that some conditions require this voltage 
to be present a greater part of the time, but to be of 
such short time value that it does add materially to the 
average voltage. 

The ideal machine must also control the length of arc 
and not have definite length either long or short, as 
different operations require different maximum lengths 
and the only possible way that I can see to accomplish, 
with my present knowledge, all of these requirements, 
i. e., arc length control, constant rate of heat, correct 
sub-division of heat factors and voltage, is by means of 
an a-c. transformer, and for that reason and because 
the a-c. arc possesses many meritorious features im¬ 
possible to direct current, I believe, alternating current 
to be the ultimate power supply for arc welding. 
nr W A? Iiam Noble: The curves shown in Fig. 5 of 
_Mr. Candy’s paper were evidently taken by slowly chang¬ 
ing the load by means of a water rheostat or some such 
arrangement. Mr. Candy brought out the point that if 
you do not have any increase in the current at the mo¬ 
ment of short circuit, you do not have the tendency for 
the electrode to stick. In my opinion the curves shown 
m Fig.. 5 do not represent the condition you get on 
short-circuiting the electrode at all, that is, when you 
short-circuit the machine, you must necessarily destroy 
the magnetic flux in the machine which, of course 
takes a certain time. The momentary inrush on any of 
these self-regulating machines is probably four or five 
times the final steady short-circuiting value, and that 
momentary mrUSh IS What tends t0 make the electrode 

I would like to point out the advantage of a more 
sloping characteristic in welding, in the increase of 
cvurent with the decrease in the length of the amtuto- 
^creases the rate of electrode consumption 

in thl wfh nffi? the arc . dack t0 normal. Increase 

tne length of the arc, with a consequent decrease in 

S r eS the rate of electrode consumption 
and tends to compensate m this direction also. 

tw ™.7v gman: ,¥ r - Cand y first stated that any of 
these machines would work satisfactorily with a reac¬ 
tance. Immediately thereupon he states that a re- 

fw'+L 6 IS det ™ental. I merely wish to point out 
that these statements are contradictory. The idea of 

SX of% r ^ftd nC V iS ba f d Upon tke fundamental 
p operty of self-induction of opposing any change in 
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the current. Therefore, it appears to me that a reac¬ 
tance is always helpful since it steadies the current and 
prevents the arc from breaking particularly when the 
operator of the arc-welding machine is not an expert. 

I believe one of the difficulties in the past has been 
that the reactances employed have not been properly 
designed for arc-welding. Most arc-welding machines 
are designed for a large range of load currents, for ex¬ 
ample, from a minimum arc-current of 50 amperes to a 
maximum arc-current of 200 amperes. If the reactance 
is designed properly for a direct current of 50 amperes 
it becomes saturated for 200 amperes. On the other 
hand, if the reactance is properly designed for 200 
amperes the reactance drop becomes too low when used 
for 50 amperes. This drawback may be overcome by 
aid of a simple arrangement which is shown in Fig. 1. 



This reactance has a tapered gap and in addition there 
are slots in the iron as indicated. Such an arrange¬ 
ment is equivalent to an adjustable gap. For the 
lowest current value of 50 amperes the teeth are not 
saturated and the total reluctance is merely the reluc¬ 
tance of the air-gap. For higher current values satu¬ 
ration sets in and finally for the maximum current 
value all of the teeth are saturated. It may be easily 
understood that for higher current values we have the 
equivalent of a larger gap. Tests have clearly demon¬ 
strated that this reactance can be used over a wide 
range of load currents and experience has shown that' 
tins reactance is very useful in arc-welding. 

A * M * Candy: Mr. Holslag dwelt a litte on the 
question of constant current. The melting of the 
electrode, I think, practically all of us agree is the 
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question of Pr drop at the end of the electrode where 
the current is melting the electrode, in other words, 
it is the surface voltage which exists at the end of 
the arc. This is thoroughly covered in a great many 
papers on the sub ect of the arc. It is undoubtedly 
true that the Pr melts the electrode at one end of 
the arc, and the plate at the other end of the arc. 
Incidentally, I will have to agree with Mr. Holslag, 
that if you get the alternating arc started when using 
bare wire, it is fairly easy to hold the arc, but the 
big trick comes in in getting the arc started. 

Mr. Bergman in his discussion of reactor design 
has me somewhat out of my field since I do not pretend 
to be either a transformer or a reactor designer. How¬ 
ever, if I understood Mr. Bergman correctly, I in¬ 
ferred that the inductance of a reactor could only be 
made variable by designing a special shaped a'r gap. 



100 120 140 160 180 200 


AMPERES 

Fig. 2—Reactance Curve 


In the case of the reactor which we use, the air gap is 
uniform over the entire core section, but the inductance 
of our reactor varies with the current as indicated by 
the cuiwe submitted by our design engineers which is 
approximately as indicated by Fig. 2 In other 
words, at iOO amperes, the inductance is approximately 
mill henries, whereas at 200 amperes it is approxi¬ 
mately 2 millihenries. When I was referring to large 
and small reactors I was considering a small reactor, 
one capable of developing an inductance of approxi- 
«rfS y inn ° 4 millihenries versus one developing from 
80 to 100i millihenries. Mr. Bergman did not specify 
the inductance of his reactor, and therefore, I do not 
know where it falls in this classification It would 
be interesting if he would give the inductance at the 
two current values which I mentioned above. 

We found that in the case of our own particular 
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machine, if we used an inductance of 80 to 100 milli¬ 
henries, that we did not get as deep penetration or fusion 
of the deposited metal as we could get with the smaller 
reactor developing approximately 3J4 millihenries. 
Therefore, we used the smaller reactor as I have in¬ 
dicated. 

J. C. Lincoln : Mr. Candy states that an excessively 
large reactance gives poor penetration, and implied 
that the reason for the poor penetration is due to the 
presence of reactors. If that is true it is very interest¬ 
ing, but it is not probably due to the fact that with a 
large reactance it is possible to hold an arc, a longer 
arc, and poor penetration is not due to the increased 
reactance but due to the increased length of arc, which 
the larger reactor makes possible? If that is true, 
there is no mystery about it But if reactance really 
makes poorer penetration, I would like to know 
something more about it. 

A. M. Candy: We made our observations with the 
same length of arc in every case, practically 18 to 20 
volts. I have asked a great many designers the very 
question Mr. Lincoln has asked me, but. I have not 
received a satisfactory answer to that question my¬ 
self. The only way 1 can explain it is with the reac¬ 
tance in the c.reuit the arc plays around a g eater 
surface, and does not seem to hold on to a particular 
point. 

J. C. Lincoln: Is the length of the arc determined 
by the operator? 

A. M. Candy: It was determined by a voltmeter 
across the arc. 
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ARC WELDING MACHINERY OF THE U. S. 
LIGHT & HEAT CORPORATION 


BY W. A. TURBAYNE 

Electrical Engineer, IT. S. Light & Heat Corporation 

T HE U. S. Light & Heat Corporation produces only 
the single-circuit or single-operator type of arc 
welding machine, wherein control of the current 
accompanying inverse changes in arc voltage and length 
is accomplished by inherent action of the machine wind¬ 
ings, unaided by interposed circuit resistors. 

In developing this equipment it was sought to reduce 
the machine and circuit losses to the lowest possible 
value compatible with practical operation, to obtain 
the quickest possible voltage response by the generator, 
or current converter, at the time of striking and manip¬ 
ulating the arc, and to insure the maintenance of a 
steady and stable arc, with a minimum amount of cir¬ 
cuit reactance. It was also considered desirable to 
produce such a machine characteristic that the product 
of voltage and current would remain reasonably con¬ 
stant at the value best suited to the operation, despite 
the unavoidable variations in arc length incident to 
manipulation of the electrode in the hands of the oper¬ 
ator. Provisions were incorporated, however, whereby 
by a simple adjustment, the slope of the volt-ampere 
characteristic could be altered in such a manner that 
practically a constant current would be maintained in 
the welding circuit, regardless of appreciable variations 
in arc length and voltage, this characteristic being 
favored by many operators. 

Two distinct classes of arc welding machine were 
developed—one a direct-current generator adapted to be 
separately driven by any form of motor, determined by 
the available source of power supply, and the other a 
direct-current converter which is self driving when sup- 
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plied from a direct-current , 

125 volts pressure. UrCe havmg from 100 to 

r^The generator is a self-exciHn«. 

wound machine, and current 25 f + mulatlv £ compound- 

by the reaction of the armatur^ & 10n f effected solely 
flux _ armature current upon the field 

The relations between nnio , . . , 

between the shunt and and P ° 6 pitch and 

chosen with + ®? SS field am Pere turns are so 

isr.^zs d°oop in r^r st r m t thM - 

r ,ts, perfect circuit sta S y "it 

of current within the working range of the machine A 

asl^mr^hf VOltage ^ is 

as the machine has a pronounced series characteristic 
and a moderate variation in the shunt field current does 
not materially affect the current setting although such 
adjustment of the shunt field current affords a ready 
means of modifying the current values determined more 
or less broadly by means of a current-adjusting switch 
provided for the purpose. 

To insure quick response to circuit conditions, the 
magnetic structure throughout is laminated, and the 
sensibility ol the machine is decidedly enhanced by the 
inductive or transformer action resulting from the close 
association of the shunt and series field windings. 

For operation on electric supply circuits, a compact 
motor-generator is furnished, induction motors of suit¬ 
able voltage, phase and frequency being provided for 
use on a-c. circuits, and direct-current motors of appro¬ 
priate voltage for d-c. supply. 

The motors are direct connected to the generator, 
the rotor being pressed on the elongated armature shaft 
thereby eliminating the necessity for bolted couplings. 

The complete running gear is supported on annul ar 
ball bearings and before assembly is thoroughly checked 
as to static and running balance. 

Generators are also provided, direct connected to 
gasoline engines, or supplied merely with pulleys, 
enabling them to be driven from any available or suit¬ 
able source of power. 

For locations where 100 to 125-volt d-c. supply is - 
available the direct-current converter is recommended. 





1920] 


It'. A. TUHBAY.NK 


1 12 .' 


This machine has but a single magnet frame, arm¬ 
ature winding and commutator, and combines within 
itself the functions of a shunt-wound motor and a vari¬ 
able-voltage generator. In size, weight and appearance 
it corresponds closely to the generator previously 
described. The complete field structure also is lami¬ 
nated. 

The field system comprises two main poles support¬ 
ing the shunt field winding and two smaller auxiliary 
poles, spaced at right angles thereto, which carry the 
regulating windings. These latter comprise a shunt 
winding connected across the supply circuit and an 
opposing series winding included in the welding cir¬ 
cuit. A field rheostat is provided in the shunt cir¬ 
cuit for purposes of adjustment. 

The armature conductors are placed in slots located 
substantially 120 degrees apart, around the periphery 
and are connected to the commutator to form an ordi¬ 
nary two-path winding with symmetrical end connec¬ 
tions. 

Four sets of brushes engage the commutator. Two 
sets, in line with the main poles and diametrically, 
opposed, admit current from the source to drive the 
machine. Two other sets, one each displaced do 
degrees from a main brush, together constitute one 
terminal of the welding circuit, the other terminal be¬ 
ing the main brush midway bet ween them. 

Current regulation is effected by varying t he flux dis¬ 
tribution under the poles and, therefore, the voltage* 
around the commutator by inherent action of the wind¬ 
ings on the auxiliary poles. These auxiliary poles are 
of like polarity at any instant and, depending on the 
degree of their excitation, act. to increase fht* ilux den¬ 
sity in one* of the main poles while decreasing it in the 
other. 

Wit h the converter running idly as a motor, the open- 
circuit, voltage effective on the secondary or working 
brushes is brought to the desired value by means of a 
field rheostat, provided for controlling the auxiliary 
shunt-field current. Upon closing the welding <>»'•- 
euit, however, current traverses the auxiliary series 
opposing winding, resulting in a decrease or even re- 
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versal of the flux in the auxiliary poles, a simultaneous 
lowering of the flux in one of the main poles and a cor¬ 
responding increase in the other. This transfer of flux 
causes an immediate drop in voltage on the working 
brushes and corresponding increase across the remain¬ 
der. 

Two-thirds of the armature conductors at any in¬ 
stant carry only the input current, the other third 
carrying the difference between the output, or working 
current, and the input current. The resultant dis¬ 
tribution of current, therefore, is such that conductors 
of comparatively small section may be employed as 
compared with those necessary in a generator of 
equivalent capacity. 

During operation the current in the welding circuit 
comes, partly from the supply mains, this being the 
input current which drives the machine, the balance 
being contributed by the machine through generator 
action. 

As a welder the direct-current converter shows an 
efficiency of 65 to 70 per cent. With 200 amperes and 
20 volts at the welding arc the current demand from a 
120-volt source is substantially 25 per cent of the value 
of the welding current or 50 amperes. 

Differing from a generator, in which the flux in the 
complete structure is varied to produce regulation, the 
converter flux is simply transferred from one portion 
to another. Consequently, a notable freedom from 
lag exists. 



BY DOUGLAS F. MINER 

Westinghouse Electric & Mfg. Co. 


Condenser Type op W eld er 


F OLLOWING the original experiments of Mr. L. W. 
Chubb in 1905, machines were built for welding 
wires by the electro-percussive process and these 
have been used in a limited way for lamp leads, copper 
terminals on aluminum coils and similar applications. 

These machines utilize the discharge of an electro¬ 
lytic condenser to fuse the wires substantially simul¬ 
taneous with a percussive engagement. With this 
equipment, perfect welds are made between like and 
unlike metals, even those of widely different physical 
characteristics, but the field of application has been 
narrow because of the state of development of conden¬ 
sers. A condenser of sufficient capacity to provide 
energy for welding large sections would be prohibitive 


in size. 


Electromagnetic Type of Welder 
Within the last year, equipment has been developed 
which successfully welds stock up to y 2 in. (1.27 cm.) 
diameter, and large sizes will apparently offer no diffi¬ 
culty. The same principles are used in this device, but 
stored electromagnetic energy replaces electrostatic 
energy. Establishment of a strong direct-current field 
in a reactance coil with a primary and secondary wind¬ 
ing is followed by rupture of the primary current with 
the secondary circuit closed. Transfer of energy of the 
collapsing field to the secondary results and a subse¬ 
quent separation of electrodes in this circuit establishes 
an intense arc. When the surfaces of the electrodes 
(pieces to be welded) are sufficiently melted, a hammer 
forges the parts together. 
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The total time of the above operations is of the order 
of 1/10 second. Thus the weld can be said to be prac¬ 
tically instantaneous. In an experimental welder, 
these events were secured in proper sequence by appa¬ 
ratus represented diagrammatically in Pig. 2. A cycle 
of operations is somewhat as follows: The primary is 
energized by closing switch D which also raises the 
lower electrode C 2 into contact with by means of 
magnet M. Then operating switch OS is opened and 
magnet W R de-energized. The hammer falls and 
in its travel knocks out switch 7',S’. This allows pri¬ 



mary switch 1> S to open, kicking out trip .S' 7, which 
then opens the secondary circuit by allowing the lower 
e ectrode to drop to the anvil. An are is thereby estab¬ 
lished until the hammer strikes 11 forging the parts 
together. 

ri A record of events is given by the oscillogram Pig. r». 
This indicates secondary quantities for a weld of :i X in., 
diameter stock and shows the following: Maximum' 
secondary current 2600 amperes, are voltage 30 volts, 
maximum watts 60,000, average watts 20,600, total time 
0.094 seconds, energy 27X0 watt-seconds or 0.00077 
kw-hr. 

A lew sample welds are shown in Pig. 9, illustrating 
a variety of work. 

20. }4 in. copper rod welded to steel disk. 

21. hi in. steel rod welded to steel disk and tested in 
bending without failure. 






















1430 DOUGLAS F. MINER [July i 

22. % in. copper-copper weld bent sharply without 
failure. 

23. Nickel-steel valve head welded to cold rolled steel 
stem. Failed in bending outside weld. 

24. T-weld of cold rolled steel. 



Pig. 9—Examples of Electbo-Pebcitssive Welding 


25. Cold rolled steel rod and disk polished. 

26. % in. drill lengthened with low carbon stock. 

27. Nickel steel head to C. R. S. valve stem. 

28. Yi in. hollow steel rod welded to steel plate. 
Tests have shown a high strength of weld—96,000 lb. 

per sq. in. for steel-steel and 40,000 lb. per sq. in. for 
copper steel. Microphotographs confirm the quality of 
the weld and indicate an inter-penetration of metals, 
without visible alloying, and a thorough fusion without 
oxidation. 
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Advantages of Process 

Some of the points of superiority of electro-percussive 
welding are: 

(a) Power Saved. Power used in the weld is about 
>16 that required in butt-welding.* 

(b) Time Saved. The operation is so rapid that the 
time of weld is practically negligible. Speed of 
production will, therefore, depend chiefly on time 
of handling pieces, and large output can be obtained 
by design of semi-automatic apparatus. 

(c) Welds of Unequal Sections. Necessary energy is 
concentrated in a very small amount of ma terial 
and not dissipated in heating the whole stock. Con¬ 
sequently welds of unequal section are possible without 
preparation of surfaces or preheating of large piece. 

(d) Welds of Unlike Metals, with widely different 
physical characteristics are made possible. 

(e) Welds without Change of Condition. Tempering 
or other treatments are not destroyed because heat 
is localized and rapid. 

(f) Welds Uniform. After proper settings, unskilled 
labor can produce uniformly perfect welds. 

. (g) Finishing is unnecessary in some products and 
inexpensive in all because of small fin or flash. 

Extension of the original process has met with grati¬ 
fying success and when details of design are perfected, 
a wide field of application for electro-percussive weld¬ 
ing is expected. 

Credit is due C. F. Wagner and E. L. Hillstrom for 
aid in development embodying Mr. Chubbs adaptation 
of electromagnetic energy to his original process. 

*Electric Welding; D. Hamilton and E. Oberg, p. 49. 
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Discussion on “Recent Developments in Elec¬ 
tro-Percussive Welding” (Miner), White 
Sulphur Springs, W. Va., July 1 , 1920. 

J. C. Lincoln: There is one question I would like to 
ask, and that is—For the oscillogram, in one case I 
remember, the voltage across the arc is given at about 
30 volts, at the instant, I presume, just before the blow 
is struck and the forge weld made. I understand that 
the weld was steel to steel and the distance between the 
electrodes not over l / 16 in. or possibly not over Vsa in. 
The voltage for the steel to steel, with the ordinary 
metallic arc, is in the order of 12 to 13 volts. How 
does it happen such a high voltage as 30 volts obtains 
with this excessively short arc? 

D. F. Miner: I will answer Mr. Lincoln’s question 
in this way—if I said it was steel to steel I made a 
mistake. It was a copper to steel weld which the 
oscillogram showed. 

J. C. Lincoln: In the case of a steel to steel weld, 
what voltage does occur? 

D. F. Miner: I have no data on the steel to steel 
weld, and so I could not say. I imagine it would be 
around the figures you mention, because the gap is 
approximately 1/10 in. 

J. C. Lincoln: According to that the weld with steel 
to steel would be less than copper to steel? 

D. F. Miner: That would be true, but the result of 
experiments, seem to show that it requires a faster 
rate of dissipation of energy for a copper-steel weld 
than a steel-steel weld. 

J. C. Lincoln: In the case of copper to steel weld 
did you notice any difference in the quality of the weld, 
as to whether the copper is made positive or negative 
with reference to the steel? 

D. F. Miner: We have tried reversing the polarity 
of the electrodes and cannot detect any difference. 
Perhaps there may be a difference if we analyze it 
closely enough, but we have not been able to discern 
any difference. 
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ELECTRIC ARC WELDING APPARATUS 


BY ROBERT E. KINKEAD 
Lincoln Electric Co. 


T HE characteristic of the arc obtained upon an 
electric arc welding machine determines to a 
large extent the utility of that particular 
machine for electric arc welding purposes. There has 
been considerable discussion concerning the relative 
merits of the “long arc” and the “short arc” machines. 

Any arc which is sufficiently flexible to permit 
welding on a commercial scale can be held at such a 
length by the operator that poor welding will be the 
lesult. The 35-volt type of equipment with carbon 
pile rheostat, the self-excited individual units having 
a differential series field, and the alternating-current 
equipment have what is called a “short arc.” It is a 
fact, however, that a sufficiently long arc can be held 
on any of these machines to give very poor welding. 
The term “short arc” is erroneously applied to this 
equipment for the reason that if the arc is suddenly 
lengthened it will be broken. On the other hand, 
if the arc is slowly lengthened these machines can 
furnish the increased voltage required to maintain 
the arc. 

The variable-voltage type of equipment, having 
separately excited main field, differential series and 
stablizer is sometimes referred to as a long arc machine. 
In the case of this type of equipment, the arc will 
not be broken by suddenly increasing its length for 
the reason that the induced voltage from the stabilizer 
will keep the arc in operation until the increased 
voltage from the welding generator is obtained. 

From the above analysis it is evident that the con¬ 
troversy over the “long arc” or the “short arc” as 
applied to welding machines is in fact a controversv 
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over the relative ease of operation and speed of oper¬ 
ation of the several types of welding equipment. 

No entirely satisfactory method of rating electric 
arc welding machines has yet been evolved. In 
general there are two methods of rating welding 
machines at the present time. The older method 
of the two is to rate the machine in amperes the machine 
will deliver as continuously as is required for welding 
service without destructive heating of the machine. 
The later method is to rate the machine in amperes it 
will deliver for welding service for from thirty to 
sixty minutes. 

It has been suggested that the welding machine be 
rated in kilowatt output at the arc. This plan does 
not overcome the difficulty, for the reason that it does 
not indicate how much work can be done with the 
equipment per unit time, nor does it indicate whether 
the machine is rated for metal electrode service or 
carbon electrode service or both. 

It has been proposed that the welding machine be 
rated in heat units which the machine will make avail¬ 
able for welding purposes. Since the welding machine 
is merely a device for converting electrical energy into 
heat, this plan is certainly logical. 

Another proposal is that the welding machine be 
rated in number of pounds of metal deposited per hour. 
This would seem a logical basis upon which to rate a 
machine for the reason that practically all welding 
done with the electric arc process consists of merely 
depositing metal. A rating based on pounds of metal 
deposited per hour would be affected by the character¬ 
istic of the arc which would be desirable since it would 
give the user an idea of how much work he could 
expect from the machine. 

From the above it is evident there are some serious 
difficulties in the way of attempting to rate a welding 
machine on the basis of how much work it will do, 
although it is certainly not beyond the range of pos¬ 
sibility that this desirable end may ultimately be 
reached. It cannot be questioned, however, but that 
a distinct advantage would be gained by the users of 
welding equipment if the manufacturers of it would 
adopt some uniform method of rating the equipment. 


Abstract of paper presented at the 36th Annual 
Convention of the American Institute of 
Electrical Engineers , White Sulphur 
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A-C. TRANSFORMERS FOR ARC WELDING 

BY C. J. HOLSLAG 

Chief Engineer, Electric Arc Cutting and Welding Co. 

S PEAKING of the metallic arc; after careful com¬ 
pilation of a large number of voltage readings 
across the arc, d-c. and a-e., together with the 
amount of current through it, and the physical char¬ 
acteristics of the arc, the writer was forced to the 
conclusion that the current does not affect the arc 
voltage enough to influence an ordinary meter. The 
only factors which affect the voltage of the arc are 
distance,, i. e., length of arc, type of electrode and 
coating, if any. 

The arc voltage consists of a foundation voltage to¬ 
gether with an IR drop and a guardian or instantan¬ 
eous voltage. While not stopping here to discuss 
whether this foundation voltage is a counter e.m.f. or 
an IR drop, it is a fact that there is a minimum volt¬ 
age below which a metallic are cannot be held. This 
minimum voltage lies between 10 and 11 volts. This 
is what is referred to as the foundation voltage above. 
There is. added to this minimum voltage a constant 
drop which in the opinion of the writer is the resist¬ 
ance of the molten metal and occluded gases. This is 
not a pure IR drop as it does not seem to vary at dif¬ 
ferent current values. While the unit resistance prob¬ 
ably varies, heavier currents mean larger cross-section of 
arc path and hence lower resistance. It appears to 
be a constant drop changed only by the characteristics 
of the electrode or its covering. This drop varies 
from one or two volts in bare-wire at ordinary welding' 
currents, to from fifteen to twenty volts with heavily 
coated electrodes. As this drop is constant for any 
given electrode, and the foundation voltage is con-, 
stant in any apparatus designed to supply the char- 
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acteristics of the metallic arc, the two can be treated 
as one. 

The difference between most old-time apparatus 
and the latest developments is that a needlessly high 
voltage is supplied all the time to be used less than one 
per cent of the time, while modern a-c. apparat us sup¬ 
plies this voltage only when needed and in amounts as 
needed. 

It is now practically admitted that the short arc is 
not only desirable, but necessary for good work. Wit h 
a short arc there is less chance of the metal being oxi¬ 
dized, or what may be worse, nitrogen ized. Thu met al- 
lurgists, as near as I can find out, are still at sea as to 
whether bad physical characteristics when present, in 
welds are due to oxides, nitrides, or. cyanides. The 
short arc, however, presents the minimum chance 1 of 
any of the undesirable compounds being formed lie- 
cause of the less time and less area of contact with t he 
air. 

The condition to be satisfactory for good arc weld¬ 
ing is that the metal of the electrode passes into the 
crater made fluid on the work by the arc. The short 
arc causes a maximum crater for any given number of 
watts, or rate of heat transfer, and hence there is much 
less chance that the metal of the electrode will pass on 
to the work at any place but into the crater, not only 
because the crater is the maximum, but. because of 
the electrode being nearest to it so that. 1.1 jure is no 
other place for the vapor globules to enter. There 
are other advantages of the short are, which are known 
to all welders, one of them being control of t he arc. If 
the arc is kept short within reasonable limits, it can be* 
controlled. 

One of the first conditions for good welding is con¬ 
trol of the arc length. This can be accomplished, first, 
by lowering the impressed voltage until it. is hard 
to hold the arc; second, by apparatus, such as 
relays across the arc, which will either shunt 
or open the arc at any predetermined voltage value. 
The first of these methods sacrifices penetration. 
It is the writer’s opinion that this higher voltage, even 
where it is not of sufficient duration to register 
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determines the penetration. The second method 
of limiting the voltage across the d-c. arc is the addition 
of rapidly moving parts such as relays, etc., which are 
entirely workable in a laboratory, and even there, if 
timed for one sequence, they may not be correct for 
some other. Also, the arc voltage must be made up 
differently for various electrodes and conditions of 
welding. 

While an arc can be limited by either of the forego¬ 
ing methods, there is a third and better method, and 



that is to so arrange this guardian voltage that it not 
only varies in value but swings in and out of phase with 
the main voltage even to the extent of lowering it 
when necessary. 

Different definite arc lengths are necessary for dif¬ 
ferent operations and in some cases variations are 
needed in different parts of the same job. The maxi¬ 
mum length necessary must be available, leaving to 
the judgment of the operator the control of arc length 
within this limitation. 

Transformer type of welding apparatus, as shown in 
•r igs. 1 and 2 offers a solution of all of these length-of 
arc-problems. The foundation voltage can be varied 
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by taps on the primary, by taps on the secondary, 
or by diverted or controlled flux. The guardian 
voltage can be added to the other separately and so 
arranged to swing in and out of phase as described, 
besides changing in value, and even the IR or resist¬ 
ance voltage which must be different for various types 
of electrodes, can be arranged by taps to have the 
proper value. 



Fig. 2 


During welding, flux and voltage conditions exist 
somewheres midway between the open-circuit and 
short-circuit conditions. The auxiliary or guardian 
voltage always standing ready to rise to its full value 
on open circuit or tendency for the arc to go out. As 
the current must go through zero twice per cycle the 
guardian voltage is kept in reserve to be ready to ar¬ 
rest any attempt of the arc to go out due to imperfec¬ 
tions m running of electrode or work, operator or 
qtner feeding mechanism. 


, vr ' / — ~ VVJacLU uurmg weicung, 

to the mam and auxiliary turns with both coated, 

ZTf T f *fre Wir f. electr °des- A-10 Fig. 6 shows 
,, ec tlie auxi flary coil to hold up successfully 
the secondary or arc voltage as this voltage went 

cuit 0U ith Zer °n ^ 6,X " 5 sh0WS a partial short «r- 
cmt with voltage zero as does X-l, X-2, and X-3, 

g- • and X 7, also X-10, Fig 6, show by their 
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perpendicular lines that the time that voltage is zero 
is of very short duration as is necessary to hold an arc 
in the vapor, gas and liquid path of a bare wire elec¬ 
trode. X-ll, and X-12 are similar actions to that of 
*-10. Fig- 6. Fig. 6 X-15 shows the secondary volt¬ 
age rising to meet a tendency to open-circuit. Each 
move shows these corrective kicks both upon tendency 



to open circuit and short circuit. Fig. 8, taken when 
using slag covered wires, shows the extra kicks neces¬ 
sary to overcome the resistive effects of the heavy slag 
covering which is forever trying to freeze across the 
molten paddle. These voltage changes in the trans¬ 
former are of such short duration that even t he oscil¬ 
lograph only locates them and indicates their relative 
intensity. The oscillograph also shows clearly the 
change in time position of the different secondary 



voltages under various loads showing the auxiliary 
voltage swinging away from the main voltage approxi 
mately proportional to load and the steadying turns 
following but at a more sober rate. Fig.’ 9, shows 
is action vectorially and as the current must neces- 
saniy pass through zero at a rate of twice per cycle the 
auxiliary voltage must make these rapid changes in 
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time position at the same rate beside a few other cor¬ 
rective changes in between, if the arc tends to go out 
or to short-circuit meanwhile. 

The same action which gives the arc holding effect 
in this type of welding apparatus also holds constant 
the rate of heat supplied to the metal arc. If a con¬ 
stant current is maintained together with a very short 



arc, i. e., practically no variation in length of arc al¬ 
lowed, then of course, practically a constant rate of 
heat results. The failing case of the constant-current- 
limit-voltage machine is lack of voltage when needed, 
first, to get by any imperfections in the work or elec¬ 
trode, variable gaps in the parts to be joined, and sec¬ 
ond, lack of penetration, i. e., with the minimum volts 
impressed that will hold the arc, the minimum pene¬ 
tration is obtained. In other words, penetration is 



Fig. 9 


sacrificed. This results in many disadvantages. 
With a-c. a definite length of arc can be maintain ed 
without loss of penetration due to the holding volts 
swinging in and out of phase with the main or founda¬ 
tion arc voltage, and the guardian voltage being al¬ 
ways ready practically instantly to rise to its full value 
when needed. This provides a means of overcoming 
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imperfections in work or electrode, dirt, oil slag, etc., 
and allows enough flexibility and persistency to bridge 
over variable gaps and to allow for variations in the 
operator’s handling of the electrode. It is important, 
moreover, while allowing enough flexibility in length 
of arc to take care of the variations that are ordinarily 
encountered, yet a definite maximum length of arc 
should be provided, and short time lengthening of the 
arc to overcome momentary imperfections with an 
immediate return to normal operating conditions, is 
the ideal to be obtained. 

The a-c. type of welding apparatus offers a simple 
solution to arc length control. The magnetic flux pro¬ 
viding the voltage return of the auxiliary or guardian 
coil volts can be by-passed by any simple means, 
electrically or mechanically, so that the amount of 
this guardian voltage can be in the hands of the foreman 
welder. Furthermore, as provided on a cer tain type 
of apparatus, the means for this adjustment is re¬ 
movable so as not to be in the hands of the operator. 
For the unavoidable variations in arc length, all be¬ 
low a length above which welding is poor, .my idea is 
that the heat should be kept constant within these 
limits, with variations compensating for radiation 
losses of increased arc length. Furthermore, what 
would be a correct arc voltage and hence are length 
for one condition of work, and what would be a cor¬ 
rect arc voltage for one type of electrode, would not be 
at all applicable to some other electrode or type of 
work. Hence, the ideal machine provides for inde¬ 
pendent variation, not only of voltage and current, 
and independent variation of volts and amperes with 
respect to rate of heat, but also provides independent 
variation of the factors making up the arc voltage. 
Such variation of all of the factors named, holding 
any one constant, is entirely possible by the various 
taps on the main and auxiliary windings with fine 
adjustments by use of flux controller together with a 
few taps on the primary. It is true that an arc can 
be held on a-c. with a resistance or a reactance or both, 
but these makeshifts provide the proper welding char- 
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acteristic about as well on a-c. as a water barrel re¬ 
sistance does on d-c. 
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Discussion on “Alternating-Current Trans¬ 
formers for Arc Welding” (Holslag), White 
Sulphur Springs, W. Va., July 1 , 1920. 

William O. Noble: InMr.Holslag’spaper, just under 
Fig. 9, he makes a statement which implies that the 
open circuit or striking voltage on a welding system is 
affected by penetration. That is just as mysterious 
to me as reactance is to Mr. Unland. Penetration is 
simple depth of fusion in the work and depends on 
two things—the amount of current and the rate of 
speed under which the work is moving under the elec¬ 
trode or the electrode moving over the work. With a 
given current you can increase penetration by an in¬ 
crease in the rate of travel, and with a given rate of 
travel you can increase the penetration by increasing 
the current. 

It is a well known fact in any direct-current arc the 
energy loss at the positive terminal is approximately 
twice the energy loss at the negative terminal, in 
d-c. welding the electrode is negative and the work is 
positive. I will represent the heat on the work by 
drawing the following diagram: 

Electrode Work Total 

D. C. 1 2 » 

A-C. 1.5 1.5 a 

For same heating in work A. C 2 2 4 

Describing this diagram, if we represent the heat at 
the negative terminal of the d-c. arc as 1, and the heat 
on the positive terminal as 2, the total is 3, In the a-e. 
arc, with the same total of 3, the average heat on both 
of the terminals must necessarily be the same on ac¬ 
count of the rapid alternation of the current; that is, 
we have one and one-half on the electrode and one and 
one-half on the work. This means that with 75 per 
cent of the heating on the work we are depositing 50 
per cent more electrode material. In order to get the 
same heating on work with alternating current that 
you get with a given direct current, it is necessary to 
increase these quantities 33H per cent, and that brings 
the upper two to 2 and this to 4. This agrees with 
Mr. Candy’s statement that 170 amperes alternating 
current is about equal to heating effect on the work to 
130 amperes direct current. 

This difference is responsible for the characteristic 
appearance of all a-c. welds we have seen. 
With the same heating on the work, and the same 
penetration, the a-c. arc deposits twice as much 
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electrode material, giving the weld a different 
appearance. A large percentage of this excess 
metal is simply flowed on and not fused to the 
work. 

J. C. Lincoln: Mr. Holslag states in the paper that 
the voltage required for the operation of the coated 
electrodes is higher than the voltage required in the 
operation of the bare electrodes. I have not had much 
experience in the use of coated electrodes, but I know 
that is approximately true in the operation of the 
quasi-arc. The question I want to ask is—Why will 
not a given current deposit more metal in a given time 
with a covered electrode than with a bare electrode? 
Increasing the voltage across the arc certainly in¬ 
creases the heat delivered to the work with a given 
amount of current, and on that basis it ought to in¬ 
crease the speed of the weld, and therefore it looks as 
if it should be a proper conclusion that coated electrodes 
ought to work faster with a given current, melt more 
metal in a given time with a given current with coated 
electrodes than bare electrodes. 

C. J. Holslag: I would say that the trouble in fitting 
together the remarks of Mr. Noble, Mr. Candy, Mr. 
Lincoln and those of myself, is that the assumption is 
pretty generally made that current is the whole factor 
in melting the electrode in arc welding. I do not see 
how any one can get out of the broad straight way that 
watts determine the rate of heat in the arc and hence 
the amount of metal that is deposited. Of course, 
there are certain combinations of voltages and amperes 
that give best results for any set of conditions, but the 
watts determine the rate of heat, and watts generally 
consist of volts and amperes, being direct product ex¬ 
cept on alternating current where one must allow for 
a 90 per cent power factor of the metallic arc. 

The theoretical answer to Mr. Noble's table and 
argument, and the practical answer as well is that 
although I wish that his table was true that alternating 
current could work twice as fast as direct current 
with the electrode negative, yet are welding is generally 
a small electrode being welded to a large one, in which 
case the heat evidently cannot be evenly divided 
For .instance, a 5/32 in. electrode which is welded to a 
half inch plate, although on alternating current the 
heat is supposed to be evenly divided, yet because 
of the different sizes of the electrode, and because the 
heat which was in the depositing electrode at any 
instant is transferred to the plate, the heat transfer 
is direct from the electrode to the plate. Although 
the current and voltage may be alternating, it has 
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been well known for many years that with two carbon 
electrodes - of unequal size the heat does not divide 
equally. 

The answer as to whether a-c. arc welding is equally 
as useful as d-c. was given in a test made by the Ship¬ 
ping Board in 1918, where nearly every electrical 
welding company and system in the United States 
was represented, and there were 20 using and pro¬ 
moting direct current to one using alternating current, 
and the alternating current made welds just as good, 
if not slightly better, than the best of the d-c. welds,, 
and if there was anything to Mr. Noble’s argument 
that part of the deposited metal was not fused, these 
results could not have been obtained. 

The entire answer is that watts determine the heat 
and the heat transfer is direct from the electrode to 
the plate 

J. C. Lincoln: I will ask my question over again. 
With a given current, say of 200 amperes, if bare wire 
takes 11, 12 or 13 volts, and the covered electrode 
takes an average of 20 volts, as stated in the paper, then 
there are more watts used in the arc for the covered 
electrode than the bare electrode. Here we have a 
case of covered electrodes using 75 per cent more watts 
than in the case of the bare electrode. Is it possible to 
deposit the metal faster with the covered electrode than 
with a bare electrode? 

C. J. Holslag In answer specifically to Mr. Lincoln, 
the coating of the electrodes certainly increases the 
speed of deposition providing that the same current is 
held and providing that the current density of the 
electrode will allow of this greater rate of heat. The 
voltage across a coated electrode arc varies with the 
thickness of the coating. The well known quasi-arc 
is perhaps the thickest and gives the highest voltage,- 
and with the same current would deposit at a greater 
speed in proportion to the greater voltage, except . 
that the current has to be reduced on an electrode 
with this thickness of coating because of the density 
becoming too high and the radiation of the electrode 
being restricted. 

. The best result in speed and quality of deposition 
lies, in my opinion, in the thickness of coating which 
gives about 25 volts across the arc. 

B. W. David (communicated after adjournment): 
In the papers on this subject the authors have set up 
various generators characteristics, which they assum e 
to be necessary for the successful welding generator. 
It is interesting to note that those particular charac¬ 
teristics on which the merits of some particular ma c hin e 
are claimed, are the ones on which the greatest con- 
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troversy of opinion is involved among their.ehampions. 
In this manner our attention may be easily diverted 
from the real measure of the successful welding 

generator. 

Without question such a machine must be easy to 
operate, both in itself, and at the welding electrode. 
Without - question it, must, produce a good weld. 
Granting that all machines under discussion meet the 
latter condition, the real basis of merit is a practical 
one based on simplicity and reliability, both in manu¬ 
facture and daily use. That equipment requiring t he 
technical mind to trace the mazes of its circuits, and to 
comprehend its multitude of self, separate and combined 
and series excited fields, its nicely adjusted resistors, 
split poles, cross fluxes,ami what not, is foredoomed to a 
troubled existence. 

The split-pole self-excited generator was developed 
as a separately driven outfit, as a step-down a-e. con¬ 
verter, and also as an a-e. rotary converter, all used 
without balance resistance in the welding circuit. A 
large number of these machines are still in operation. 
This type of generator, while fairly simple in theory, is 
very undesirable from a manufacturers view-point. 
Maximum economy of space and material is difficult to 
obtain because of the increased number of poles. In 
simple units the necessity of using a two-pole armature 
winding is an obvious disadvantage. Furthermore the 
conditions for commutation are not ideal and require 
a very careful interpole design. 

In 1914 the writer, himself, evolved the triple-field 
generator making use of the separately excited, self- 
excited, and the bucking series field, giving a constant, 
current range throughout the tmsatuntied portion of 
the characteristic. Some fifteen single operator weld¬ 
ing machines of this design, ranging Iron lot) up to fiOO 
amperes were constructed and are today still in opera¬ 
tion. The added complication of field inter-connect ion 
is of doubtful worth, certainly unnecessary, and merely 
changes the design. 

The active manufacture of the various types men¬ 
tioned, has been set aside in favor of the plain, simple, 
and easily understood machine having a separately ex¬ 
cited, and bucking series field on the same pole. Tech¬ 
nicalities, cubic differential equations, constant cur¬ 
rent, constant heat, or what not; to tie contrary it has 
been proven by years of pioneering in the field df single 
operator machines wit h this simple apparatus that it. 
does exactly what its operator requires or it, that it is 
as efficient, and is probably even easier to operate, and 
further because of its extreme simplicity can be kept in 
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better working condition than any other of the machines 
of more complex design, which are now being offered 
for consideration. 

It is, of course, certain that the highest development 
has not been reached as yet, but in conclusion the writer 
would urge that the only justification for a welding 
generator of complex design would be increased efficiency 
better use of materials, increased speed or ease of op¬ 
eration, or a better weld. 
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POWER FACTOR IN POLYPHASE CIRCUITS 
Preliminary Report of Special Joint Committee 

T HE subject of power factor in. polyphase circuits 
has been the center of increasing discussion in 
recent years. No agreement has yet been reached 
upon a definition of the term as applied to polyphase 
circuits* nor even upon the underlying purpose which 
a definition should serve to express. In the absence 
of a practical commercial incentive to a universally 
accepted understanding as to the purpose and use of 
the term, little progress has been made toward such 
an understanding. 

There has been no practical incentive for the reason 
that, until recent years, most polyphase loads were 
approximately balanced, while the differences between 
various possible definitions of power factor become of 
importance only in unbalanced loads, so that no refine¬ 
ment of definition has been needed. At present, how¬ 
ever, there are increasingly important developments 
in types of industrial power loads which are attended by 
unbalanced conditions between the phases, unbalanced 
as to amount of loads and as to phase relations between 
current and voltage. In such cases the numerical 
value of power factor may vary widely with different 
definitions. 

The increasing commercial importance of this char¬ 
acter of load and the growing tendency toward such 
refinements in power contracts and rates as will reflect 
accurately the various elements entering into cost of 
service, have combined to render this power factor 
problem a matter of immediate and urgent practical 
importance. 

In recognition of the importance of this need, the 
American Institute of Electrical Engineers, acting 
through its Standards Committee, and the National 
Electric Light Association, acting through its Tech- 
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nical Section, have united in the formation of a Com¬ 
mittee to be known as the Special Joint Committee on 
Determination of Power Factor in Polyphase Circuits. 

It was decided that this joint Committee should 
place the results of its labor before the parent organiza¬ 
tions by which it had been appointed, namely, the 
Standards Committee of the A. I. E. E. and the 
Technical Section of the N. E. L. A. in a form which 
should indicate the conclusion already reached by the 
Committee but which would permit of further consider¬ 
ation and discussion by the two parent bodies before 
a definite solution is reached. 

Two definitions covering two different forms of power 
factor in polyphase circuits were arrived at, together 
with some suggestions as to proper qualifying terms to 
apply to each definition. These definitions are as 
follows: 

Definition 1. Power factor in a polyphase circuit is 
the ratio of the total watts to the (arithmetical) sum of 
the volt-amperes in the several phases, each measured 
to a non-inductive neutral point. This definition may 
be otherwise expressed as the weighted mean of the 
individual power factor in the phases (weighted accord¬ 
ing to the volt-amperes in each phase.) 

Definition 2. Power factor in a polyphase circuit is 
the ratio of the total watts to the vector sum of the 
volt-amperes in the several phases. 

A bibliography prepared by Dr. P. G. Agnew and 
Professor A. E. Kennedy is given as Appendix II to 
the report. Abstracts and translations of the work 
of the Italian, Gino Campos and of the German, 
Dr. F. Niethammer, have been prepared by Mr. W. 
H. Pratt and are attached to the report as Appendix III. 
These papers are of basic importance in considering 
the subject of polyphase power factor. 



Abstract of paper presented at the 36th Annual 
Convention of the American Institute of 
Electrical Engineers, White Sulphur 

Springs, W. Va., July 1, IQ20. 


Copyright 1920. By A. I. E. E. 


POLYPHASE POWER FACTOR 

BY F. C. HOLTZ 

Chief Engineer Sangatno Electric Co. 


I N a single-phase circuit the various factors relat¬ 
ing to power and energy are very clearly defined. 
For example, power is defined as the rate of 
energy transfer; apparent power is defined as the 
product of the r. m. s. value of voltage across the circuit 
by the value of the current in the circuit. 

An interesting development is to take the mathe¬ 
matical expressions which give proper interpretation 
to the single-phase problem and extend the investiga¬ 
tion to include the three-phase problem. 

In the single-phase problem we arrive at an expres¬ 
sion for power in the form P 0 = A + j B in which A 
is the true .power and B is the reactive power or volts 
amperes. The apparent power is given by VA 2 + B- 

A 

while .the power factor is -— =. 2 and the reactive 

VA 2 + B 


factor is —====.. 
VA 2 + B 2 


Upon applying the same ideas to the investigation 
of the three-phase problem it develops that there is a 
one to one correspondence between the two. Power 
being expressed in the form = A+ + j B^ where 
A ^ is again the true power as measured by any of the 
well known methods and B $ is the reactive power or 
volt amperes in the three-phase circuit. We also have 
that the apparent power is VA% + B 2 ^ while 




and 


S, 


VA% + 


is the three- 


phase power factor and reactive factor respectively. 
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It is shown that the power factor as defined by the 
above is in accord with the vector definition for power 
factor as outlined by the committee. The absurdities 
which result from using the arithmetic definition of 
power factor are shown. 

The problem of measuring the apparent energy in 
the three-phase circuit under the vector definition in¬ 
volves t he necessit y of integrating a quantity of the 
form + B'^dt. An instrument to do this 

must therefore integrate the square root of the sum of 
two squares. Such an instrument may be quite easily 
constructed. 

For example referring to Fig. 7, we may assume two 
vector quantities in the same plane starting at a given 
instant 1 0 from some point 0, one moving in the direc¬ 
tion of 0 Q and with a velocity which is a function of 
the time T, the other moving at an angle from 0 Q 
and in the direction 0 P with a velocity which is also a 
function of the time. At a time 8 t after starting we 
have the two values 0 P and 0 Q and the difference 
Q P which represents the approximate integral of the 
two vectors over the time 8 t. Suppose further that 
we construct two mechanically moving rods arranged 
at the proper angle to each other. To the point P is 
attached a flexible cord which passes over the point Q 
to a small drum located somewhere on the rod 0 Q or 
its equivalent. Attached to the small drum is counter 
or other device which records accurately the length of 
Q P removed from the drum and through auxiliary 
devices the points P and Q are returned to zero at 
definite intervals. It is so arranged that the mechan¬ 
ism of the drum shall record the sum of the lengths Q P. 

2 P Q = Pi Qi + P 2 Q 2 + ...... +P^Q n 

where P±Qi represents the value of P Q during the 
first interval, P 2 Q 2 represents that during the second 
interval of time etc. From this it is quite apparent 

n 

that s P Q will represent as close an approximation as. 
is desired to the true integral of the two vector quanti- 
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ties. This can be regulated by regulating the time 
interval of reset d t. 

The integration of the volt-amperes in an alternat¬ 
ing-current circuit is a specific case requiring the 
application of the above. In this ease the vectors 
are located at right angles to each other and the mechan¬ 
ical device is operated directly from the contacts of 
two watthour meters. 



Fig. 8—Diagram op Connections for Kv-a-hr. Meter 


Fig. 8 illustrates the case of a three-phase three-wire 
installation. 

Here the two meters are shown connected to the 
instrument transformers. One is so connected as to 
register the watthours while the other integrates the 
reactive component. The contact devices are repre¬ 
sented by 34 and 35. To the right of the figure is 
shown the assembled mechanism, the other part of the 
drawing is used to represent the electrical circuits 
involved. Instead of using two rods operating at right 
angles to each other one is replaced by a rotatable 
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cylinder in order to economize on space and increase 
the accuracy of the instrument. One of the moving 
elements consists of a drum 48 attached to a vertical 
rack 46 and so arranged that with each contact of the 
wattless component meter the drum is rotated through 
a definite angle. The small drum 48 carries a silkcord 
47 which passes through an eye F and is attached to 
the drum 84 at P. It is so arranged that with the 
drum 48 attached to rack 46 and drum 84 in their zero 
position the points P and F coincide. 



KV-A. 
Fig. 9 


Let us assume now that both meters are under 
rotation. With each contact at 34 the vertical rack 
46 is stepped up a definite amount and with each con¬ 
tact at 35 the drum 84 is rotated through a definite 
angle. After a given time interval, say 10 minutes the 
positions of rack 46 and drum 84 are as shown. The 
cord removed from the drum 48 will be the length 
between P and F. Under conditions of design the 


T 

r* 2 


rotation of 84 is proportional to J W dt and the 

T 

1 r^2 

height of F above its zero position is I R dt so that 

t, 






P F = \/W- -h R 2 d t which is the apparent energy dur¬ 
ing the time interval. At definite time intervals con¬ 
tact 62 is closed and through operation of solenoid 72 
both rack 46 and drum 84 are returned to their zero 
position. This operation is continued so long as the 
system is in operation. 

Drum 48 carries a three-lead contact 49 which is used 
to operate a distant dial mechanism so calibrated as to 
read directly in kv-a-hr. 

In addition to the cord 47 a card 90 is mounted on 
the drum 84 and to the rack 46 is attached a stylus /£'. 
With each interval of operation a new line is marked 
on the card 90 and length of which will determine the 
maximum demand in kv-a. 

Fig. 9 is representative of about how one of these 
cards would appear after a month’s operation. The 
data taken from this chart are as follows: 

1. Maximum demand in lav., 6800. 

2. Maximum demand in reactive component 4800 
kv-a. 

3. Maximum demand in kv-a., 7100. 

a i* n . , . 6700 

4. F. I. at maximum demand 7 90.6 per cent. 
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POWER FACTOR IMPROVEMENT DEPENDENT 
UPON ADEQUATE METERING 


BY WILLIAM L. BROWN 

Sales Service Manager, Electric Machinery Co., Minneapolis. 

I T may be of interest at this time to consider what 
are the practical questions involved in the meter¬ 
ing of loads of low power factor. What are 
the central stations actually doing? 

During 1919 direct information was obtained from 
several hundred of the large power companies as to 
what was being done to regulate and improve power 
factor conditions on their lines. Many of these stated 
what means they were using to determine power factor 
of customer’s loads and how they were applying the 
knowledge thus obtained. Companies who were 
incorporating power factor clauses in power contracts 
and meeting with a certain amount of success, related 
their experiences. 

Power Factor Clauses in Power Contracts 

To the question “Is there a power factor clause in 

your power contracts?” answers wereas follows: Yes_ 

73. No—113. 

Many people will doubtless be surprised to know that 
there are so many large companies now imposing pen¬ 
alties on loads of low power factor. The list includes 
some of the largest central station companies on the 
continent, the generating capacities range in size from 
5000 kw. to over 100,000 kw. 

Are Power Factor Clauses E nforced? 

Now the question naturally arises, are the power fac¬ 
tor clauses being enforced? Up to the present time 
not many companies have been able to carry them out 
literally. Some of the Canadian companies have 
apparently been able to apply the rates automatically 
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and base the energy charge of all customers (above 50 
h. p.) on the average power factor maintained. Very 
few American companies have done this. 

When asked the question, “Should a power factor 
clause be literally enforced?” 79 answered; 32 were 
of the opinion that the moral effect was the thing they 



Fig. 1 

. Statements in this article are based on investigation of approximately 
200 central station companies in IT. S. and Canada. 

The growth and importance of power factor regulation within the last 
three years are illustrated in Fig. 1. 

In 1916 there were 20 companies with total generating capacity of 250,- 
000 kw. imposing penalties for low power factor. 

In 1919, 73 companies with total generating capacity of 3,000,000 kw. 
were imposing power factor penalties or making arrangements to do so. 


were after; that under present conditions it was too 
difficult and expensive to enforce the clause literally. 

We seem to have a variety of opinions as to how 
the power factor regulations should be carried out. It 
is worth noting that many of the companies who have 
carried no clause in the past are now of the opinion that 
such a clause should be incorporated and it should be 
literally enforced. 
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Do Central Stations Have Accurate Data 
Regarding Customer’s Power Factor? 

Out of forty companies that are now imposing a 
penalty for low power factor, thirty-two know the 
average power factor conditions of all their large cus¬ 
tomers—at least they claim to check up fairly close. 
The other eight admit they do not have accurate data 
to go by. 

On further investigation of approximately 200 com¬ 
panies (with generating capacities ranging from 5000 
kw. up) 127 had no practical knowledge of power fac¬ 
tor maintained by any of their large customers while 
63 claimed to keep a fairly accurate check. 

No Standard Method of Metering Power Factor 
The thing which handicaps every company is the 
fact that there is no standardized method of power 
factor metering. It causes the greatest difficulty in 
basing rate schedules on power factor of loads. Many 
companies think they should keep power factor records 
on file especially in those cases where large numbers 
of motors are in operation with consequent variation 
of loads. . 

Over and^ over again the power companies send in 
this complaint, “We can find no practical method of 
metering power factor.” One big western company 
writes, -“We are strictly up against it and welcome 
suggestions which if followed would give us relief.” 

Several central station companies have designed 
graphic power factor metfers and reactive kv-a. meters 
of their own which they claim to be using with con¬ 
siderable success. An Ohio central station company 
says, “We hope a commercial kv-a. meter will soon be 
on the market and believe we should sell kv-a. instead 
of kw.” 

. When asked the question “Do you regard it as essen¬ 
tial that there should be a definition of power factor of 
unbalanced phases?” 78 answered yes; 27 answered 
no. 

Most companies would like to have continuous and 
complete records of power factor of the very large loads. 
For smaller customers they depend on periodic tests. 
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The places where power factor clauses are success¬ 
fully enforced are the places where the metering ques¬ 
tion has been fairly well looked after. The great prob¬ 
lem is to get an agreement with customers first as to 
what is average power factor, second relative time of 
maximum kv-a. referred to station demand. 

It is interesting to note the various methods now 
being used by central stations to determine power fac¬ 
tor of customers’ loads: 

First. Instantaneous readings of ammeter—volt¬ 
meter—wattmeter. 

. Second . Use of indicating wattmeter and three am¬ 
meters—for unbalanced loads. 

Third. Use of indicating power factor meter either 
portable or switchboard type. 

Fourth. Use of wattless component meters—regis¬ 
tering kv-a. hours or reactive component in conjunc¬ 
tion with watt-hour meters—for average power factor. 

Fifth. Polyphase watt-hour meter specially con¬ 
nected to give the reactive instead of power component. 
Same principle as two-wattmeter method. 

Sixth. Two single-phase watt-hour meters or watt¬ 
meters on balanced three-phase system. 

Seventh. Power factor of maximum demand on 
three-phase circuit determined with one polyphase and 
two single-phase watt-hour demand meters. (Error to 
customer’s advantage.) 

Eighth . Periodic tests by the ratio of revolutions of 
polyphase watt-hour meter elements. 

Ninth . Graphic power factor meters—portable and 
switchboard types. 

In addition to the above, a number of companies are 
now using special instruments built according to their 
own design—such as special graphic meters which give 
a simultaneous graphic record on same chart of watts 
and volt amperes; also special makes of graphic kv-a. 
meters. 

Benefits To Be Gained By Accurate Power 
Metering 

The use of synchronous apparatus can be stimulated 
as in no other way. There can be no inducement made 
nor penalty imposed without it. Take as an example 
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the experience of a West Virginia company which origin¬ 
ally required only that the customer install synchronous 
motors or synchronous converters for the majority of 
his load and' hoped thereby to maintain a compari- 
tively high power factor at each customers installation. 
They found, however, during the years of 1917 and 1918 
that due to careless operation of this apparatus they 
were not receiving the full benefit, and the company 
therefore put it up to the customer to maintain 95 per 
cent power factor or else be penalized in case his power 
factor fell below that. The previous method had 
been to give the customer a discount in case syn¬ 
chronous apparatus was installed. 

It therefore became necessary for the company when 
putting the new tariff into effect to study carefully 
each customer’s installations and also be well pre¬ 
pared to explain the reasons for putting these restric¬ 
tions on his power factor. 

If a power company can accurately meter power 
factor it will know pretty closely what low power factor 
is costing. On the peak load if means the installat ion 
of additional capacity all the way from the generator to 
the customer’s meter. At off peak times if means 
carrying excessive generating capacity at the power 
plant and thereby wasting coal, it also tneans excessive 
copper losses in all electrical equipment. 

It is the opinion of a number of authorities that 
power should be sold on a schedule made up of a rate 
for true energy used and another rate for the reactive 
taken. The first rate should cover cost of investment 
in steam equipment, cost of fuel, boiler maintenance, 
etc., while a secondary rate should take care of the 
costs in the electrical plant which are dependent upon 
power factor. 

I. he one dominant desire among all power companies 
is to obtain sufficient synchronous equipment on their 
lines. The synchronous motor today can he applied to 
many loads, and customers are glad to install them on 
account of their high efficiency and reliability of oper¬ 
ation. But there is absolutely no reason for a customer 
to buy anything but unity power factor synchronous mo¬ 
tors unless his power company will make him a spec- 
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ial inducement to run them at leading power factor. 
There is no cheaper or better way of getting power fac¬ 
tor correction than by the use of over-excited, load¬ 
driving synchronous motors. It is a well-known fact 
that such motors can accomplish best results for 
power factor correction while carrying mechanical load. 
They can deliver 70 per cent of their full rating in me¬ 
chanical kw. output while at the same time delivering 
70 per cent of their full rating in creative kv-a. correc¬ 
tive. 

It must be borne in mind that a synchronous motor 
running at unity power factor is a very efficient method 
of driving a load, while a synchronous motor 
driving the same load while operating at a low leading 
power factor, say 70 per cent, is not as efficient a piece 
of apparatus and it is more expensive in its first cost. 
The efficiency is from 2 per cent to 6 per cent lower in a 
motor of leading power factor. These motors are being 
used very extensively in isolated plants which generate 
their own power, and up until the present time, such 
plants have gone further in the matter of power factor 
correction by use of this type of motor than can be said 
of central station customers. The reason for this is 
obvious. The power companies have not made suffi¬ 
cient inducement nor gone sufficiently into the matter of 
educating their customers to the value of high power 
factor. The isolated plant, however, which controls 
both the generator end and the motor end of the busi¬ 
ness can readily see the advantage of installing over¬ 
size synchronous motors for power factor correction. 

If the power company will take all these facts into 
proper consideration they can make inducements which 
in almost every case would get the customer to install 
a leading power factor motor. 

Where a consumer has sufficient synchronous capac¬ 
ity to operate at a leading power factor of 90 per cent 
or better at all times, he is entitled to a discount of 5 
per cent of his consumption, or in case the consumer 
installs an automatic voltage regulator, he is likewise 
entitled to this same discount of 5 per cent from his 
monthly kw-hr. consumption. This is quite an item 
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to a consumer whose total monthly consumption 
amounts to over 1,000,000 kw-hr. 

A power company man from Canada opposes the 
practise of allowing a rebate for leading power factor. 
He says, “If the customer lias a leading power factor of 
95 per cent and you allow him a rebate of 5 per cent 
you are practically paying him for power at, the same 
price at which you are selling it to him. You are los¬ 
ing any profit on your business and you are not gain¬ 
ing any energy except in some capacity in your appa¬ 
ratus.” He further states that he certainly would not 
accept this kind of contract Now the point that he 
overlooked is that the customer, is employing a larger 
motor of lower efficiency in order to get power factor 
correction, necessarily increased his energy consump¬ 
tion. This extra power, however, did him no good and 
it is only fair that the company should practically buy 
it back at the same price at which they sell it to him, 
otherwise they are penalizing the customer for helping 
the company out. 

Now if there were standardized a method for meter- 
ing power factor, central station companies could well 
afford to make definite inducements for running syn¬ 
chronous motors at leading power factor. 

They should have men on their stall's who under¬ 
stand the synchronous motor just as thoroughly as the 
factories that build them. Perhaps this is putting the 
case a little bit to forcibly but at any rate they ought 
to have men who will familiarize themselves with syn¬ 
chronous motors of all types and all makes. They 
should travel over the country and see what is now be¬ 
ing done in isolated plants and on other power systems. 
Tn fact, a department could be created in which actual 
cost records were kept of the various methods of power 
factor correction. 

If the power company would make an accurate 
record of what their corrective apparatus is costing 
them and then make a reasonable estimate per kv-a. 
as to what they could allow the customer, they would 
be doing something worth while. They would soon 
find out that they could make a very liberal inducement 
and still be money ahead. The lower efficiency and 
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extra losses running at leading power factor would not 
btf as expensive per kv-a. in the tad tarn, - as 
it is in the large condenser. Power factor is corrected 
at the point where it is needed most, thereby relieving 
Se of the system. The reactive current flows 
back and forth between the synchronous motors and 

5 ? hXtion motors. The r B **?%*«£ 

and on the customer’s circuits can be reduced by th 
plan whereas if the condensers are located at the 
power companies’ substations no such saving is pos- 

Slb Tf after 'proper investigation it is clear that a syn- 
chLous motor is suitable for the application, cost 
comparisons can be made between it and an induction 
motor. It is always possible to obtain reactive - • 
a great deal cheaper by substituting synchronous 
motors for induction motors and eliminating the need 
of separate condensers. The cost per kv-a. m the case 
of the synchronous motor will probably be from P 
cent to not more than 50 per cent of the cost involved 
when induction motors and separate condensers are 

^Ib^um up the case from the central station stand- 

P °Within the last two years practically all power com¬ 
panies have come to the conclusion they must penalize 

for low power factor. . . » 

The greatest obstacle is the chaotic condition of 

There is nothing inherently impossible in the prob¬ 
lem if meter engineers and manufacturers and central 
station engineers combine to give it the attention 1 
deserves. The early history of wattmeters was a record 
of unsatisfactory performance. But the problem was 

solved, as we all know. ,, , , 

The need of the hour is a standardized method ot 
metering power factor. It is surely a fitting time for 
the meter manufacturers and the central stations to 
get together and solve this question. 
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POWER FACTOR IN POLYPHASE SYSTEMS 


BY FRANCIS B. SILSBEE 

Associate Physicist, U. S. Bureau of Standards 

T HE use of a number of different definitions of 
“power factor” as applied to unbalanced poly¬ 
phase system has led to much confusion. The 
present paper points out the mutual relations of a num¬ 
ber of possible definitions and their relative merits for 
specific types of circuits. 

Power factor has two distinct applications for eco¬ 
nomic and technical purposes respectively, and the selec¬ 
tion of the single property which any one definition 
of power factor can determine must be considered from 
two distinct points of view. The economic importance 
arises from the fact that it is more expensive to supply 
a given power to an actual load in which the currents 
are not in phase with the voltages or in which the cur¬ 
rents in the several phases are not equal in magnitude 
than it is to supply a standard load in which some or 
all of these adverse conditions are absent. Three 
distinct types of standard load have been tacitly assumed 
in the development of the several definitions now in 
use: (A) a balanced load in which both the currents 
and the voltages are symmetrical and in phase; (B) a 
load in which the currents have the same magnitudes 
as in the actual load but in which the current system as 
a whole has been shifted in phase with respect to the 
voltage system, so as to make the total power a maxi¬ 
mum (i. e ., such a shift as would be produced by a sym¬ 
metrical polyphase synchronous condenser); and (C) 
a load in which each current has the same magnitude 
as in the actual load that has been individually 
shifted into phase with its corresponding voltage. 

There are also two distinct items of cost which must 
be considered (1) the fixed charges on the additional 


1465 


FRANCIS S. SILSBEE 


[July 1 


generator and to ^ “ S of £ 

actual low power factor load ^ drcuits . The 
additional power lost in ^ er which might be 
ratio of the actualip ^ J ther ( i) by the same 

supplied to a sta power loss, may 

TSrXS — definition of power 

fa r a standard load c^ 

polyphase generator the „ volt-amperes,” 

the ratio of the watts to the ettectw ^ Qf the 

this latter qunatity being e' * f the live cur- 

square root of the sum of ^ ^ of the 

rents multiplied by T neutral For a standard 
' squares of the, votogestofactor” (Def. 2 
load of type (B) the vecto P sta ndard load 

of the special joint commi ) , ^ { p) a re 

of type C the “arithmetical power factor ^ 

:~sr=£s5252= 

-e form since toe; y "m P lished by 
quite distinct. This c ^.,.^/ mi „ ntities s0 that one 
defining one or more addlt '°^ a Sector power factor”) 
quantity (such for examp distinct from unbal- 

indicates the phase dispU^ent^dirtnc^ ^ 

ance; and a secondqu ^ distinct from any 

shows the symmetry of ^° s f qu ^ tity thus shows the 

SS to which conditionsmgMb^taPto^^ 
indkates°the^pSible > ^in f rom phase' converters or by 

ured, and also it “^^WWd^bLches of 

and reactae componaito ofthe^ ^ ^ mg . 

nea nSdeitrostatic energies of the system and to the 
amount of excitation required. 



1920] 


FRANCIS S. SILSBEE 


1467 


“Balance factor" is useful principally to indicate (1) 
the pulsations in instantaneous power and (2) the 
increase in heating of the generators which results 
from any unbalance. If the voltages are symmetrical 
these two properties depend upon the same combination 
of variables and may both be covered by a single 
definition. If, however, the voltages are not symmet¬ 
rical this relation no longer holds and a uniform flow 
of power may result from a very unsymmetrical system 
of currents and voltages which would produce consider¬ 
ably increased heating. A convenient definition for 
the heating aspect is “effective balance factor" equals 

vector volt-amperes . f _ . . . , , 

---——-- since this leads to the rela- 

effective volt-amperes 

tion: Effective balance factor X vector power factor = 
effective power factor and serves to reconcile the eco¬ 
nomic requirements for a single factor based on heating 
effects with the technical requirements for a separation 
of phase shift and unbalance. 

In the complete paper the various possible “volt- 
amperes," pulsation in power and related quantities 
are expressed mathematically so that their inter¬ 
relations may be noted, and a number of numerical 
examples are worked out. The generalization of the 
definitions to include cases where the wave forms 
are not sinusoidal, and the instrumental methods for 
measuring the various quantities involved, are also 
discussed. 
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POWER FACTOR AND UNBALANCE ON A 
POLYPHASE SYSTEM 


BY CARL J. FECHHEIMER 

Designing Engineer, Westingnouse Electric 8 c Mfg. Co. 

I N a single-phase or balanced polyphase circuit, the 
two factors which are contributory to power factors 
less than unity are wave distortion and phase dis¬ 
placement between current and voltage. In the paper 
the influence of wave shape is not considered, since in 
most large modern systems the wave form is nearly 
sinusoidal. The paper covers balanced and unbal¬ 
anced polyphase systems without neutral current. 

Power factor and unbalance are two distinct phenom¬ 
ena; therefore any attempt to formulate a definition 
which combines them is certain to be meaningless and 
of very questionable value. 

The general case of a polyphase system is treated 
from the standpoint of two polyphase systems of 
opposite phase sequence. A proof is given that the 
usual unbalanced system of currents in machines is 
physically made up of two balanced systems of oppo¬ 
site phase sequence, thereby showing that the method 
is more than a mathematical convenience. In Appen¬ 
dix A, a physical proof is given for the fact that in the 
rotor of a synchronously driven single-phase induction 
motor or synchronous machine, double frequency poly¬ 
phase currents are induced which are productive of 
m. m. f. which is constant in magnitude and rotates at 
synchronous speed in the opposite direction to the 
rotor, and this m. m. f., when combined with the 
alternating m. m. f. due to the stator currents, gives a 
resultant m. m. f. which is constant in magnitude and 
revolves at synchronous speed in the same direction as 
the rotor. In the induction motor the flux is propor¬ 
tional to this latter m. m. f.; in the alternator it is the 
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“armature reaction.” Thus, the alternating m. m. f„ 
due to the single-phase stator cnrrente gives rise to 
two equal and opposite m. m. f, both traveling at 
synchronous speed but in opposite directions. 

In Fig 2 0 A is the m. m. f. ot the polyphase double 
freouencv rotor currents, which rotates negatively at 
SSnous speed. 0 D is the alternating stator m 
a t which isfeed in position; and 0 C is the resultant 
ot the two, which rotates in a positive dirCKition at syn¬ 
chronous speed. The same final resuHs would have 
been obtained had 0 D been token as the resultant of 
o C ot positive rotation, and 0 B equal and opposite 
to 0 A, and ot negative rotation. Then the alternating 
m m f 0 D is the resultant of two equal m. m. is., 
constant in magnitude, both rotating synchronously in 



Fig. 2 

Time angle = 30 deg. 

Stator m. m. f. = 0.866 X 2 = 1.732 

Rotor m. m. f. = 1, shifted clockwise 30 deg. 

■Resultant = 1, shifted counter-clockwise 30 deg. 


opposite directions. One m. m. f. is productive of flux 
(or armature reaction); the other is that which is 
needed to neutralize the rotor magnetizing or damper 

currents. . . 

In a polyphse machine, a rotating m. m. f. is pro¬ 
duced by a polyphase system of currents, and therefore 
the two oppositely rotating m. m. f. systems in Fig. 2, 
may each be so represented, as in Figs. 3 and 4 where 
four-phase systems are shown. These combined give 

the single-phase system of Fig. 5. . 

Two equal three-phase systems of opposite phase 
sequence may be similarly combined to give a single¬ 
phase system. If the balanced negative sequence sys¬ 
tem is decreased in magnitude, or changed in phase 
relation to the positive sequence system the resultant 
is an unbalanced polyphase system. Conversely, the 
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unbalance polyphase system may be broken into two 
balanced polyphase systems of opposite phase sequence; 
in appendices B and C are given illustrative methods, 
graphical and analytical, for doing this. This method 
of solving the unbalanced system is unique in that 
there is but one solution for any given system; on the 
other hand, the method of breaking into a balanced 
polyphase and superimposed single-phase systems per¬ 
mits of an infinite number of solutions. 

The same general law for losses that applies to the 
in-phase and quadrature components of current, and 

R 

S"—j)—u 

T 

Kio. 

Timo iintflo 4f> <JU*k. 

Sl at or m. m. f, 0.707 < 1,114 

Rotor m, m, f. 1, sliil’tod olorKwiso 45 dr#* 

Resultant m, id, f. 1, shifted roimtorodorkwiso 45 dDtf. 


the combination of currents of different frequencies, 
namely, the “sum of the squares” law, applies also when 
the unbalanced system of currents is broken into its 
constituent positive and negative sequence systems; 
this is proved in appendix I). 

The deleterious effects of a relatively small unbal¬ 
ance in voltage upon synchronous and induction 
machinery due to a not inconsiderable unbalance in 
currents are discussed; especially is this so with syn¬ 
chronous converters. The negative sequence currents 
in such apparatus, due to unbalance in line voltage, 
tend to correct the unbalance of the system, and these 
negative sequence currents are in consequence dis¬ 
placed 180 deg. from those negative sequence currents 
which produce the unbalance. 

In any case, the true power in the polyphase system 
is the sum of the power in the positive and that in the 
negative sequence systems; similarly for reactive power 
the power factor is the ratio of the true power to the 


1472 


CARL J. FECHHEIMER 


[July 1 


square root of the sum of the squares of the true and 
reactive powers. In general, the negative sequence 
voltage and power are small compared with the posi¬ 
tive, so that the following definitions are proposed: 



t 

Fig. 4 


Time angle = 60 deg. 

Stator =0.5 X2 =1 

Rotor m. m. f. = 1, shifted clockwise 60 deg. 

Resultant = 1, shifted counter-clockwise 60 deg. 

“The power factor is the ratio of the true watts to 
the volt-amperes in the balanced positive sequence sys¬ 
tems of volts and amperes.” 

“The unbalance factor is the ratio of the negative 
sequence, amperes to the positive sequence amperes.” 

Thus, the proposed definition for power factor fits in 
with the usual idea: it is the cosine of the angle be¬ 


lt 



T 


Fig. 5 

Time angle = 90 deg. 

Stator m. m. f. = 0. * 

Rotor m. m. f. =1, shifted clockwise 90 deg. 

Resultant m. m. f. = 1, shifted counter-clockwise 90 deg. 

tween current and voltage in the positive sequence sys- 
tern. The definition for unbalance disregards unbal¬ 
ance in voltage. Had it been expressed as “the ratio 
of the negative sequence volt-amperes to the positive 
sequence volt-amperes,” it would have been undesir- 
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able because the negative sequence voltage is very 
largely dependent upon the synchronous and induction 
apparatus on the system, and consequently volt-am¬ 
peres are no measure of the degree to which the system 
is unbalanced by a given customer. 

The method of breaking the unbalanced systems into 
their constituent systems can be readily used in meas¬ 
urement, as is covered in another paper by Mr. R, D. 
Evans. 

Parallel cases in which physical quantities are separ¬ 
ated into their component parts are given. The most 
striking example is that of a distorted wave which is 
generated in the alternator due to the non-sinusoidal 
distribution of flux in the air gap. This wave is looked 
upon by all engineers as composed of one of fundamen¬ 
tal frequency with superimposed waves of higher fre¬ 
quency. Physical evidence is also given by an oscillo¬ 
gram taken on the secondary of an induction motor 
when slightly unbalanced voltages were applied to the 
primary. 
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POLYPHASE POWER FACTOR 


BY H. L. WALLAU 

Electrical Engineer, Cleveland Elec. Ill. Co. 

T HE Special Joint Committee on Determination of 
Power Factor in Polyphase Circuits has formu¬ 
lated two definitions for this factor. 

As technicians we will doubtless all agree that Defi¬ 
nition 2 which is mathematically accurate must be 
adopted to represent that quantity which today is re¬ 
ferred to as power factor when applied to single-phase 
or to balanced polyphase circuits. 

As commercial engineers we must recognize that Defi¬ 
nition 1 has a broad field of usefulness, when applied 
to unbalanced circuits. 

The central station industry today is compelled to 
take on single-phase loads of considerable magnitude. 

These loads consist of welders of very poor power 
factor, (20 to 40 per cent) single-phase arc furnaces of 
relatively better (35 to 70 per cent) but nevertheless 
poor power factor, and in some cases single-phase rail¬ 
way loads also of poor characteristics, together with 
both inductive and non-inductive loads of other kinds. 

If it were commercially praticable to compel the 
consumer to install phase-balancers or motor-generator 
sets in connection with such loads, the inherent diffi¬ 
culties due to out-of-balance loads would be done away 
with. Obviously, this is impossible. As a result the 
companies must operate under certain disadvantages, 
with these loads connected to their systems, such as 
reduced effective capacity of three-phase circuits, in¬ 
creased heating in cables, etc. In addition, if the out- 
of-balance becomes of sufficient magnitude at the power 
plant generator troubles will result. 

Increased costs of supply result therefrom. Either 
the rates in our industrial schedules must reflect these 
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added costs and proportion them over all consumers 
alike, or some means of penalizing the consumers 
causing the added burden must be incorporated 
therein. 

This means is conveniently provided by a power 
factor clause. If, however, a strictly technical defini¬ 
tion is adopted for incorporation into rate schedules, it 
takes no account of the effect of unbalanced currents 
yielding as it does a higher power factor than that 
obtained by the proposed commercial Definition 1. 

To care for this condition a new factor, termed bal¬ 
ance factor, has been suggested. After we have defined 
this factor in a manner satisfactory to all, what prac¬ 
tical means will we have of obtaining it, and if obtained 
how shall we apply it? Its commercial use in rate 
schedules in addition to a power factor clause intro¬ 
duces a new stumbling block over which the prospec¬ 
tive customer must be safely lifted. For that reason 
for commercial work Definition 1 is preferable. 

This view is that of an engineer of a supply company 
interested in obtaining a definition that can be used in 
contracts for the sale of power, and is relatively simple 
and easily understood. 

Definition 1 takes into account the maximum watt¬ 
age obtainable based on the currents and voltages 
existing, and the ratio of this quantity to the actual 
watts measured is the power factor which, the author 
believes, should preferably be standardized for com¬ 
mercial work. 

. The name of the Committee suggests the next essen¬ 
tial step. Not only must we define polyphase power 
factor, but we must determine a suitable, reliable, 
inexpensive and uniform method of measuring the quan¬ 
tity defined. 

To date neither definitions nor methods are standard 
with us. There is a real need for both. 
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POLYPHASE POWER FACTOR 

BY P. M. LINCOLN 
. Lincoln Electric Co. 

T HE special joint committee has very wisely 
decided to submit the question of a definition of 
polyphase power factor to general discussion 
before making its final recommendations. To guide 
such discussion it has submitted two alternate defini¬ 
tions for polyphase power factor, viz: No. 1 which may 
be called the “arithmetical sum” definition and No. 2 
which may be called the “vector sum” definition. 

Let us consider the merits of these two definitions 
from a very elementary standpoint. Take for instance 
any load on a typical single-phase circuit, we may 
measure the watts, volts and amperes on such a load 
with standard instruments with which we are all 
familiar and there is no question concerning the accu¬ 
racy and sufficiency of such measurements. If we call 
the volts so measured E and the amperes I, the volt- 
amperes of the circuit are the product of these two 
quantities EI. If we call the watts W, it has always 
been assumed that W = EI cos cf> and the power 
factor (cos cj>) has always been taken as the ratio 

W cos p El 

EI = El = COS ^ ^ 

No challenge has ever been offered to this method of 
procedure, although it has long been recognized that 
where harmonics are present either in the voltage or 
current, the quantity cos 4> ceases to be a simple 
angular function. The above relation holds not only 
for single-phase circuits but it holds equally well for 
polyphase circuits provided there is no ' unbalance in 
voltage or current. 

The above procedure does not represent the only 
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POLYPHASE POWER REPRESENTATION BY 
MEANS OF SYMMETRICAL COORDINATES 

BY C. L. FORTESCUE 

Engineering Dept. Westinghouse Electric & Mfg. Co. 

T HIS paper is a more complete presentation of the 
subject of power representation by means of 
symmetrical coordinates, which was briefly out¬ 
lined in the author’s paper on Symmetrical Co-ord¬ 
inates presented at the 30th Annual Convention, 1918. 

A short treatment of the subject of single-phase 
power is given, and it is shown that the product 
El - P + j Q, where P is the true power and Q the 
reactive power, completely specifies all characteristics 
of the power when the phase of the e. m. f., E is given. 
The phase of the double-frequency component P H 
+ j Q h is as much in advance of E as E is in advance 
of P+]Q. 

The question of single-phase power measurements is 
touched on. It is shown that the wattmeter is nor¬ 
mally a reactive power meter. It is only a true power 
meter when the current in the voltage coil is constrained 
to be proportional to, and in phase with, the impressed 
e. m. f. The watthour meter measures energy by 
reason of the fact that the current in the voltage coil 
is constrained to be in quadrature to the impressed 
e. m. f. If it were constrained to be in phase with the 
impressed e. m. f., which could be just as easily accom¬ 
plished, this instrument would integrate the mean 
reactive power. 

It is shown that four measurements are required to 
completely determine a single-phase load mathematic¬ 
ally; the two complex variables E and f, furnish all 
the necessary data. 

In practical measurements, it is usual to specify the 
impressed e. m. f., the kilovolt-amperes, and the 
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power factor; the true phase of the impressed e. m. f. 
being arbitrary. 

A symmetrical polyphase system requires for its com¬ 
plete determination four quantities which are usually 

1. The e. m. f. of one phase. 

2. Its phase angle. 

3. The current in one phase. 

4. Its phase angle. 

The particular phase under consideration may be 
termed the “principal phase.” 

Since an unbalanced ra-phase system of currents and 
e. m. fs. may be resolved at most into n symmetrical 
systems of currents and e. m. fs., the maximum number 
of measurements required to completely define such a 
system is 4 n and the minimum number may be from 
4 up to 4 n depending upon the nature of the dissym¬ 
metry. 

The quantities expressed in symmetrical co-ordinates 
required to completely define a three-phase, four-tone 
system are: 

S° E x0 , S 1 E a i, S 2 E a2 the symmetrical components of 
e. m. f. and S° Z, v0 , S l I Ai and S 2 J a2 the symmetrical 
components of current. The sequence symbols have 
the following significance. The S° system consists of 
three equal vectors of the same phase. The S' 1 or 
positive phase sequence system consists of three equal 

vectors each of which lags —— behind the preced¬ 

ed 

ing vector when taken in their alphabetical order. The 
S 2 or negative phase sequence system consists of three 
eq ual vectors each of which leads the preceding vector 

by when taken in alphabetical order. These se- 
3 ' 

quence symbols have the property of combining by the 
law of indices when products of two sequences are 
formed. 

Instantaneous symmetrical systems are formed from 
the symbolic systems in exactly the same manner as 
for single-phase, and by following the same procedure 
for obtaining the power products as in the treatment of 
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the single-phase system, we obtain similar expressions as 
in single-phase, and the zero frequency system of power 
vectors obtained completely specify the whole system 
of power vectors. 

In an unbalanced three-phase, three-wire system 
there are three systems of zero frequency power vectors. 
The S° system consists of the true and reactive power 
due to the positive and negative sequence currents and 
e. m. f., and S 1 and S 2 systems whose instantaneous 
value is zero; they represent interchange of power 
among the phases, and therefore, are a measure of the 
degree of unbalance. It is shown that if the true and 
reactive power of each phase of a system are given 
and true power is taken as datum and the vectors so 
formed are resolved by the method of symmetrical 
co-ordinates, the systems of power vectors deduced 
above are obtained. 

Three-phase power measurements are discussed: It 
is shown that in all the usual power measurements, the 
true and reactive power due to positive phase sequence 
and negative phase sequence appear as entities and 
may be separated. They are therefore not mathemati¬ 
cal fictions but actual concrete quantities. 

All true and reactive power measurements by 
symmetrical co-ordinates methods may be accomplished 
by a single movement. A comparison is made between 
the present method of measurements and those follow¬ 
ing the principle of symmetrical co-ordinates. The 
same number of instruments are required in each case 
but the symmetrical co-ordinates method completely 
determines all necessary factors without computation. 

A method of graphically obtaining the complete 
solution of a system when measurements are given is 
shown. 

The author holds that it is of the highest importance 
that definitions of the fundamental quantities and 
factors concerned with the measurements of e. m. f. 
current, power and energy be scientifically correct. It 
is not vitally important in practical work that all 
definitions shall be adhered to, but it is vitally import¬ 
ant that our standard definitions be based on sound 
scientific principles. 
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Definitions of Power Factor. Power factor shall be 
determined from measurements of three-phase power 
by means of two or more wattmeters connected in the 
us ual manner and from reactive power measured by a 
reactive power meter with the same connections as 
those used in measuring the true power. If P be the 
true power and Q the reactive power 


Power factor = 


P 

VP 9 - + Q 2 


The positive phase sequence power factor and 
negative phase sequence power factor are obtained in a 
similar manner. 

Definition of Unbalance Factor. The ratio of one 
unit of the negative phase sequence component of a 
quantity to the corresponding unit of its positive phase 
sequence component is defined as the unbalance factor 
of the quantity under consideration. Usually the 
ratio of the magnitudes only need be considered. 

Conclusion. The definitions proposed are easily 
measured and completely and uniquely determine all 
the quantities it is necessary to know in order to make 
proper charges for energy. 
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MEASUREMENT OF POWER FACTOR ON UN¬ 
BALANCED POLYPHASE CIRCUITS 


BY R. D. EVANS 

General Engineer, Westinghouse Electric & Mfg. Co. 

T HE object of this paper is two-fold, first, to give 
a scientific definition of power factor, and, sec¬ 
ond, to describe devices for measuring power 
factor and devices for measuring unbalance of a poly¬ 
phase system. 

On the Definition of Power Factor 
Power factor is a term which describes the flow of 
energy in an alternating-current circuit and which ex¬ 
presses a relation between the amount of energy con¬ 
verted into heat or mechanical work, and the amount 
of energy periodically absorbed and discharged in the 
circuit. Power factor is not the simplest factor re¬ 
lated to true power. and reactive power, but it is a 
convenient factor, as it expresses a ratio between the 
amount of power actually delivered in a circuit, to 
the amount of power which might be delivered with¬ 
out exceeding the same heating. 

Power factor may be defined as the ratio of true 
power to the square root of the sum of the squares of 
the true power and the reactive power. 

P 

P. F. = - = -.• •. 

VP 2 + Q 2 

In the above expression, P is the algebraic sum of 
the watts, and Q is the algebraic sum of the reactive 
watts in all of the component parts of the circuit. 

It is to be noted that the definition of power factor, 
from the standpoint of the flow of energy, is complete, 
and is independent of the presence of harmonics, plur¬ 
ality of phases, or unbalance, that is, the definition re- 
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quires no extension to take care of these cases. On 
the other hand, the definition of power factor, from the 
standpoint of phase difference, or the ratio of watts to 
volt amperes, requires modification to take care of the 
complication resulting from the presence of harmonics, 
plurality of phases, or unbalance. 

Devices for Measuring Unbalance of a Poly¬ 
phase System 

Any system of unbalanced voltages may be resolved 
into two or more balanced systems of voltages of dif¬ 
ferent phase sequences, each of which may be meas¬ 
ured by statibnary instruments. The meter for meas¬ 
uring positive or negative sequence voltage, on a three- 
phase, three-wire system, consists of a voltmeter with 
two windings and two external series impedances of 
different power factors. Another form of this instru¬ 
ment is described, and this consists of a standard volt¬ 
meter, two external impedances, and two standard 
potential transformers. 

In a similar manner, the positive and negative se¬ 
quence currents may be measured. Such an instru¬ 
ment is described and consists of a standard ammeter, 
two external impedances, and two standard current 
transformers. 

The theory of these meters is explained from differ¬ 
ent viewpoints. One explanation is based on a physi¬ 
cal interpretation of the mathematical solution. An¬ 
other explanation is based on showing that the volt¬ 
ages of one sequence causes the meter to read and the 
voltages of the other sequence do not, and, therefore, in 
the presence of two sequences, the meter measures a 
quantity proportional to one of them. A third ex¬ 
planation is based on the idea of a network in connec¬ 
tion with a meter element. From this point of view, 
it is only necessary to provide a network that permits 
only current of the desired sequence to flow in the 
branch in which the meter is connected. 

Power Factor Meters for Unbalanced Circuits 

Having separated out the positive and negative se¬ 
quence voltages and currents, the next step is to com¬ 
bine them for measuring power, reactive power or 
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reactive volt-amperes and power factor. Standard 
instruments supplied with positive sequence voltage 
and current, measure positive sequence watts, posi¬ 
tive sequence reactive watts or reactive volt-amperes, 
or positive sequence power factor. A meter is de¬ 
scribed which measures positive sequence power factor. 

In an unbalanced system, as many separate meter 
elements are required to measure the total power, 
total reactive power, or the total power factor, as there 
are sequences of power present. A meter is described 
which measures total power factor on a three-phase 
three-wire system. This meter consists of two single- 
phase power factor meter elements, mounted on a com¬ 
mon shaft, and one element supplied with positive 
sequence voltage and current, and the other element 
with negative sequence voltage and current. 

Conclusion 

Power factor, reactive factor, power and reactive 
power, must lx; defined so that their mutual relations 
are shown, and so that they correspond to the physical 
facts. A scientific or exact definition of power factor 
must first be formulated, and then on this foundation, a 
practical definition for use in rate making may be built. 

The exact definition of power factor should be based 
on the flow of energy. Power factor is the ratio of 
true power to the square root of the sum of the squares 
of true power and reactive power. 

It must be recognized that power and power factor 
do not completely describe the flow of energy, and 
that the use of some unbalance factor is necessary. 
Standard instruments may be employed to measure 
the unbalance of a system. 

Power factor and unbalance are independent quan¬ 
tities and should be charged for separately. 
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POLYPHASE POWER FACTOR AND 
UNBALANCED LOADS 


BY PHILIP TORCHIO 

Chief Electrical Engineer, N. Y. Edison Co. 

D EFINITION No. 1 in the Committee’s report 
gives a numerical relation applicable to any 
polyphase circuit, which is also intended to give 
a measure, as a general average, of the greater outlay of 
apparatus and plant that the supply of unbalanced 
loads entails. Without attempting to state whether 
such numerical averaging gives a fair compromise meas¬ 
ure of the added economical burden of carrying unbal¬ 
anced loads, it is important that we definitely and 
clearly describe the results of the applications of this 
definition No. 1. For this purpose I submit in the table 
herewith comparative results of the amount of capacity 
of electrical equipment required for generating and 
transmitting a unit amount of power under different 
conditions of unbalancing, all giving the same average 
value of power factor definition No. 1: 



Capacity of electrical equipment required for 
generating and transmitting 1000 kw. of 


Balanced load 

Unbalanced load 

Unbalanced load 
(Single phase) 

Power factor by 
definition No. 1 
per cent 




100-99.5 

86.6 

75.0 

50.0 

1000 kv-a. 
1150 “ 

1330 “ 

2000 “ 

1100 kv-a. 
1250 “ 

1425 “ 

2175 “ 

Not possible 
1740 kv-a. 
2000 “ 

3000 “ 
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The above comparison shows that, with apparently 
the same value of polyphase power factor, the capacity 
of electrical equipment required for generating and 
transmitting the same amount of power may vary as 
much as from 1 to 1J4 It is obvious that under such 
extreme conditions the cost of service would be quite 
different in the several cases. 

On the other hand, the unbalanced load of one cus¬ 
tomer may be compensated by the contemporaneous 
unbalanced loads on other phases of other customers, 
so that, as a net result, on the supply company’s equip¬ 
ment only a fraction of its equipment may be affected 
by the “apparent” low power factor due to unbalarced 
loads, this effect being perhaps limited only to the 
district where the power is distributed, but being bal¬ 
anced and equalized on the transmission line and the 
generators. 

The power rate engineer may, therefore, have greater 
need of the “contemporaneous unbalanced loads and 
power factors of definition No. 2” for the individual 
customer and for the district, than the average power 
factors of definition No. 1. 

In this connection it would seem wise to make ref¬ 
erence to the importance of defining the time intervals 
during which the power factors are to be taken. It 
will be of particular value to the power rate engineer 
to have power factor diagrams for the twenty-four 
hours for the customer and district under consideration, 
rather than the power factor for one minute or fifteen 
min ute period of maximum demand or the average 
power factor for the twenty-four hours, which will 
be of small value to him in analyzing the cost of such 
service. The same comment may be made as to the 
recording of unbalanced loads. 
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POWER FACTOR IN POLYPHASE CIRCUITS 


BY W. H. PRATT 

Electrical Engineer, General Electric Co., Lynn, Mass. 

P OWER factor in a single-phase circuit is defined as 
the ratio between the power and the volt-amperes. 
If the current and voltage have a sine wave form, 
the power factor is the cosine of an angle representing 
phase displacement. If one or both, current and volt¬ 
age, are not of sine wave form, they may be replaced in 
man y circumstances by equivalent sine quantities and 
the power factor may then be considered as the cosine 
of a correspondingly defined angle. It is probable that 
in the great majority of cases, when the expression 
“power factor” is used, it is thought of as a measure of 
phase displacement. However, fortunately or unfor¬ 
tunately, the definition is otherwise, and in certain 
important cases, the distinction is pronounced. Fur¬ 
thermore, the present definition is consistent with the 
continuous recognized use of the term since its first 
appearance. 

A brief consideration of the scope of the problem at 
once brings to light difficulties which will presently be 
indicated. At the outset, it would seem very desirable, 
even necessary, that the definition to be selected should 
be consistent in every possible way with the single¬ 
phase definition, and at the same time, should express 
as nearly as possible the thought implied in the original 
use of the term—the ratio of the actual power to that 
that would be present were the currents and voltages 
interacting so as to produce the maximum power. 

As has been remarked, the term power factor carries 
with it the idea of phase displacement, and conse¬ 
quently, is naturally associated with the idea of phase 
control, but in a polyphase circuit, if unbalanced, there 
are several phase displacements and consequently, no 
single number can uniquely indicate the nature of the 
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several phase displacements that are responsible for 
the total results. Thus, while power factor as applied 
to a single-phase circuit is indefinite, in that it may 
depend on either phase displacement or difference 
of frequency, having reference to harmonies, or indeed 
a combination of both, in the polyphase circuit, there 
are the additional questions of dissimilar phase dis¬ 
placements and dissimilar wave distortions to be met. 

There is another idea, which, however, is less con¬ 
sistent with the single-phase definition, which arises 
from the relation that in a sine wave single-phase cir¬ 
cuit the power factor is the cosine of the angle of which 

the fraction «active volt amperes is fte tangent, 
power 

This result when extended to a polyphase sine wave 
circuit, may take the form: power factor = cos tan' 1 

2 reactive volt ampe r e s^ ^ further> if the wave 
2 power 

forms are irregular, to a factor defined by the same 
expression but in which the angle involved has no phys¬ 
ical significance. 

The commercial aspect of the question tends to still 
further complicate the matter. It is now usual to in¬ 
troduce the idea of power factor into contracts for 
the purchase of power either as limits within which 
operations must be conducted, or as a measure of pen¬ 
alties or rates for such purchase of power. It is obvi¬ 
ously unjust to penalize a purchaser for a condition 
beyond his control but the same remark cannot apply 
should a similar distribution of current and voltage 
arise by reason of apparatus within the control of the 
purchaser of power. 

As an illustration of this idea; a given distribution 
of current and voltage may arise by connecting a per¬ 
fectly symmetrical polyphase motor to a circuit having 
voltages unbalanced by some unsymmetrical load 
located elsewhere. In this case, the motor tends to 
restore the symmetry’ of the voltage of the system, but 
will draw from the system unsymmetrical currents. In 
contrast, an unsymmetrical grouping of single-phase 
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apparatus may produce a similar unsymmetrical flow 
of current from a balanced system of voltages, and 
bring about an unbalance of voltages. To be sure, 
where the one would tend to restore the voltages to a 
balanced condition, the other would tend to affect 
them oppositely. We are thus presented with two cases 
which would be represented by a chosen factor by 
nearly the same number, yet should undoubtedly be 
treated quite differently. 

This whole question was discussed very carefully 
about 1909 by the Italian Engineers, Campos 1 , Lupi 2 , 
Norsa 3 , and also in a Vienna publication by Nieth- 
ammer 4 . 

In the report of the Committee we find presented for 
discussion two proposed definitions, designated as 
Definition 1. and Definition 2. 

These two quantities are very different in extreme 
cases but are exactly equal for balanced condition. 
Their relation is illustrated by the diagrams in 
the appendices to the Committee’s report. 

It is to be noted that the phase sequence may greatly 
affect the value obtained by Definition 1, but it is also 
to be noted that this also markedly affects the distribu¬ 
tion of line currents. Further, a load which measured 
by Definition 1 may have a power factor much below 
unity, may by Definition 2 have power factor unity. 
As has been pointed out by Lupi, Definition 1 is a power 
factor of the lines, and Definition 2 gives a power fac¬ 
tor of the load. But Definition 2 considers the load as 
a whole and so should make a proper measure of power 
factor for such cases as might be typified by a syn¬ 
chronous motor connected to a system in which the 
voltages are unbalanced. That is, Definition 2 should 
give a fair basis for apportioning charges as between a 
power company and a user of power, but it could not 

1. Campos, G. Atti della Assoc. Ellettra, Ital. 13, 197-210, 
1909. 

2. Lupi, D. Atti della Assoc. Ital. 14, 3-30, 1910. 

3. Norsa, -R. Atti della Assoc. Ital. 14, 31-45, 1910. 

4. Neithammer, I'., Elektrotechnik und Maschenbau 28, 

1027-9, 1910. 
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be used together with a measure of power input to 
deter min e the capability of a motor for carrying load. 

It se ems to the writer that there is a real use for both 
definitions; that in cases of marked unbalance,where the 
one might be correctly employed, the other might lead 
to injustice, and vice versa. But Definition 1 most 
nearly contains the idea of the single-phase definition 
and so should take the name. On the other hand, 
D efini tion 2, which is in fact the characteristic of the 
load, obtained by summing the several vectors relating 
to its parts, might properly be designated by a name 
distinctly different from power factor. 

The corresponding designations used by Campos are, 
Definition 1, apparent power factor, and Definition 2, 
real power factor. 

There is another way of discussing the matter which 
is very interesting from the analytical point of view; 
namely, by making use of the conception of symmetri¬ 
cal components, as elaborated by Fortescue, a balance 
factor may be obtained from the ratio of the magni¬ 
tudes of the positively and negatively rotating sets of 
vectors. The phase displacement between voltage vec¬ 
tors and the positively rotating set of current vectors 
may then be the basis of a power factor. The power 
factor thus obtained corresponds to Definition 2, and 
by using the two factors together, results fairly equiv¬ 
alent to Definition 1 may be obtained. The use of 
these two factors has the merit of giving a function 
directly related to the heating effects produced in the 
conductor carrying the unbalanced currents. 

To s ummari ze, it seems to the writer that Definition 
1 most nearly extends the idea of the single-phase 
definition 'to polyphase conditions, and results in a 
quantity that is well suited for the evaluation of volt- 
amperes in the lines. 

Definition 2 gives a quantity that has wide applic¬ 
ability and when the currents and voltages do not 
depart greatly from sine waves, is easily measured. It 
is, however, a characteristic of the load as a whole and 
is the result of the vector addition of its parts. It 
merits a distinctive name of its own. 
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Finally, there is no one factor that can describe all 
that it may be necessary to know under the general 
head of power factor, using the word in the very gen¬ 
eral sense that has been current up to now. 

Notk: It. may bo easily shown that except for conditions of 
extreme unbalance, slight variations in the position of the neu¬ 
tral point of Definition 1 result in insignificant changes in the 
value of the power factor so obtained. 



1496 POLYPHASE POWER FACTOR [July 1 

^ „„ n . T ‘•"p-ppoi'T op Joint Committee,” 

rPoRTEscuE) “Measurement of Power Factor 
qn Unbalanced Polyphase Cmcu 1 ^ ^^^), 
“Polyphase Power Factors and Unbalanced 
[TorCHIO) AND “POWER FACTOR IN 
(P*® WHITE Sulphur 

F S C PJ Holtz W ‘ Single-phrase power factor has been 
Jy Smpl? dehned Ss the ratio of 
the volt-amperes in the circuit. In arriving at a 
satisfactory definition for the power factor mpoly- 
phase circuits, there are one or two points which I 
think should receive due consideration. 

^inpp the single-phase circuit is only a special case 
of the polyphase circuit, power factor should be so 
defined that in the limiting case it should giveresults 
which are in agreement with the single-phase denmtion. 

In discussing this paper I have tacitly assumed that 
the voltages and currents in the polyphase circuit were 
sinusoidal, but allowing any condition of unbalance 
whatsoever in the polyphase system. It is very interest- 
mg to take the simple mathematical expressions defining 
single-phase power factor and under such conditions ap¬ 
plythem to the polyphase case, and then to interpret 
the results. In order to get away from the double 
frequency quantities I have introduced into the paper 
the quaternion notation in which the vector operators 
are represented by I, J, K. In applying these to the 
single-phase problem One readily arrives at the various 
expressions for power factor, reactive factor, volt- 
amperes, etc. By a simple extension the same nota¬ 
tion is applied to the polyphase circuit with certain 
definite results. In the single-phase circuit, we find 
that the volt-amperes in the circuit are represented as 
the square root of the sum of the squares, that is, the 
square root of the watts squared plus the wattless 
component squared. 

In the polyphase circuit we arrive at results which are 
very analogous. Take for the sake of simplicity, the bal¬ 
anced or symmetrical polyphase system, where we have 
three equal voltages placed symmetrically about thecen- 


1920] 


DISCUSSION 


1497 


ter. I then assume any three currents whatsoever in the 
circuit,' having various values for their amplitude. 
Under such conditions, by continuation of our single¬ 
phase problem into the polyphase, we find that the 
watts are equal to the sum of the watts in the in¬ 
dividual phases, that is we get W i plus W 2 plus W 3 
as the watts in the three-phase circuit. The reactive 
component may be represented by Ri plus f? 2 plus R 3 . 
If we have leading power factor in one and 
lagging power factor in the other, we represent 
one with the negative sign and the other by positive 
sign, and take the results. 

We find readily that this particular idea leads to a 
definition of power factor which is in accordance with 
definition No. 2. The paper deals further with the 
possibility of measuring such quantities. 

On the other hand, taking definition No. 1 in which 
the power factor is defined as the ratio of the watts' 
to the arithmetic sum of the volt amperes in the several 
phases. Let us take the simplest case, that of a 
three-phase circuit under single-phase operation at 
unity power factor. 

Upon applying the definition we obtain a value of 
86.6 per cent for the power factor. Under such condi¬ 
tions you can see that this definition involves an idea 
of balance as well as an idea of power factor. 

Now, then, the only way in which a consumer 
could better his power factor would be by balancing 
up the load, taking it off the one phase and equalizing 
it around the other two, and therefore obtain unity 
power factor by such a distribution of load. 

' Another example of the fallacy of definition No. 1 is 
shown by P. M. Lincoln, in which he takes a three- 
phase line and loads it equally on all sides, but putting 
on one side a load at unity power factor, say, 100 
amperes, and on the other leg a load of 100 amperes 
at zero power factor leading, and on the opposite 
side a load of 100 amperes at zero power factor lagging, 
and he. obtains the power factor which is 36.6. Then 
by a simple reversal of the phase rotation or inter¬ 
changing of loads, he was able to bring the power factor 
up to 85 per cent by so doing, and therefore, under 
such conditions we would have two values of power 
factor, by simply changing the loads, which again shows 
it involves a question of balance, and therefore ideas 
other than those relating in a strict sense to the power 
factor in the single-phase circuit. 

In my paper, I have taken up in no way the question 
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of the entrance of harmonics into the equation. Such 
circufts are particularly difficult when viewed from 
one standpoint, and that is, suppose you have a 
sinusoidal e. m. f. and then, due to the characteristics 
of the circuits themselves, we find that the constants 
in these circuits are functions themselves of the current. 
Mr. Pratt brought out a very simple example of that 
in the case of the ordinary type C incandescent lamp, in 
which the tungsten at a low temperature has a low resist¬ 
ance in fact, the starting current on the type 0 mean 
descent lamp is something about 5 times normal current. 
The resistance, evidently pulsates with the hne poten¬ 
tial and although you may have a sinusoidal e. m. f. 
applied, the current itself will not be sinusoidal, but 
Si be a fundamental plus some harmonics. In 
addition to this, there is the question of the magnetic 
Hrruits which with a sme wave applied e. m. f., call 
for a distorted wave form in the current. This is true 
in the case of arc furnaces, reactors, transformer cores 
highly saturated, etc. While we are making up 
definition of power factor, we should attempt one which 
is the ideal—and that ideal will be a definition for 
polyphase power factor, which is so complete as to 
absolutely include every possible case—this will take 
care of the circuits which show a change in constants 

with a change in current. . ., . 

V Karapetoff: For practical purposes it is 
convenient to retain the right triangle, of which the 
horizontal side represents the true power, the vertical 
side the reactive power and the hypothenuse is what 
some of us please to call the apparent power or kv-a. 
The angle between the hypothenuse and the horizontal 
side is defined as the power factor. I am not sure that 
we are agreed upon the definition of reactive power 
or of apparent power even in a single-phase circuit 
with non-sinusoidal currents and voltages. The most 
convenient definition is the one which enables one to 
measure the quantity to be defined directly with an 
accurate available instrument. For this reason I am 
in favor of defining reactive power m a single-phase 
circuit as that indicated by a dynamometer-type 
wattmeter with its potential coil connected to a 
quadrature phase of the load voltage. This indication 
characterizes the circulating magnetic energy and 
can be obtained with a sufficient degree of accuracy 
on commercial power circuits. I also suggest the 
quantity so measured be named for the sake of brevity 
“Rewatts,” instead of reactive watts or reactive 

volt-amperes. ' , , , . , , 

A right triangle is completely determined by two 
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of its elements, so that the watts, P, and the rewatts, 
Z.’- ar< T a h that is needed for the above mentioned 
The phase angle, <t>, is determined by its 
t ? ngen > , e 3 uaI to Q/P- The power 

tW td f the C °5 ne °[ thls angle ' thou gh I believe 
the tangent is a better quantity, and should be 
used more and more m place of the power factor. If 
J?? T^omer knows trigonometry, he will as easily 
nderstend the tangent as the cosine, and if he knows 
none at all, either term will serve the purpose. A 
tangent <p equal to 0.1 directly shows the customer 
““ft his reactive power is ten per cent of the true 
// h® is penalized for reactive power, he can 

lL\£ etter - ldea from the tangent of the angle than 
irom the cosine as to how near he is to the ideal condi¬ 
tion of zero reactive power. 

This tangait <j> may be called the “idle power ratio,” 
or whatever name the profession decides to adopt. I 
merely wish to emphasize the advantage of tangent 

polyphase drcu^sf 01 " eSP “ iallr in 

Jr 1 ^’ l he a PP ai l en t Power can be only defined 
ffthe hypothenuse of a triangle of which P and Q 
are the two sides. I do not see much advantage in 
HT 112 ' 1 directly or m trying to devise complicated 
recording instruments so as to get the value of the 
so-called apparent power over a month, 
or/r u°I e triangle and definitions are just as well 
applicable to an unbalanced polyphase circuit with 
non-smusoidal currents and voltages. A polyphase 
wattmeter measures the total true power and a similar 
wattmeter with its potential coil “quadratured” 

mmTt S t - 0ta rewatts. The triangle is thus 
complete and gives the equivalent phase angle and 
the apparent power. • It is true that two equal poly- 
£ e J oads of different degrees of unbalance may 

Sn equiv , alent P has f angle and yet produce 

quite different results upon the generating and dis- 

unbalan?Pff qU1I i me ^ t ' ^ ^“P 1 ^ means that an 
unbalanced polyphase load cannot be completelv 

once told me. You cannot make one coefficient do 
aH the dirty work.” It is necessary to introduce 
some definition of the “unbalance factor.” The two 

fo2wd S ^ ayeither be independent of one another or 
combined m two simultaneous equations. Thus a 
new construction material has to be characterized by 

strength T°r, ?v PertieS) 5 ay density and mechanical 
, In this connection I also wish to call your 

at e S° n *?, “ y Pai *able about the Mean Radius of 
the Ellipse, Journal, A. I. E. E., V. 39, 732 , 1920. 
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J. P. ^n''ls i in M ciaS , rf1«ct th to Se 

committee which is in cn g “Recommend 

several recommendations. The h That, as 

a definition for polyphase poW Iac ® recomm enda- 
I tried to outline is definite ^esecona nce 

tion is: “Recommend a definition ^or unbal&nce 

factor m the completely different from 

factor and power factor g^ con fusion if we try 
each other, and we_will g recommendation 

to put them together, and and 
is: “Recommend a thud ^P tor co Xnation-in my 
SSS? ir preSLbl/S product, of power factor and 
unbalance factor.” = Asingle . phase circuit in which cur¬ 
rents flowing haying ^defimtefre^ency^reqmres^ our 

measurements for its con^) d phase of impr essed 

fTtT in Circuit; and phase 

r Sive e phie° U piri“o"d 
K not concerned with the absolute phase position 

Wi TV 1 p eS ?am t e t0 number of measurements exactly is 
required to define a ^metrical P^yp^ aysten^ 
You need to kaow ^ e e ^ in one phase and its phase 

tj; n Afferent story. As I pointed out two years 
ago m the paper on “Symmetrical Co-ordinates, an 
SafarSSl s^tem ofcurrent or e nettle , us confine 
ourselves to three-phase—a three-phase unbaiancea 
svS of currents or e. m. f. may be resolved into 
three symmetrical systems of currents or e. m. f. 
When the three-wire system alone is considered, it 
mav be resolved into two symmetrical component 
svstems of currents or e. m. fs. If we are considering 
an unbalanced system of currents, one of those compo¬ 
nent syst ems of currents has the same phase sequence as 
the efm. f. of the system The other system has 
opposite phase sequence. In other words, if we take 
and define the voltages as E-A, E-B , and E-C a ^d E-B 
follows E-C in time phase, and E-A follows E-B in 
time phase, then the currents can be resolved into 
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systems of like character, and another system in which 
I-B leads I-A in time phase, and I-C leads I-B in 
time phase. 

I introduced at that time a system of operating 
symbols which combined by the law of indices to give 
the proper phase sequence resulting from current 
flowing in unbalanced impedances and I appreciated, 
too, that these currents and e. m. fs. could be combined 
by the system of operators so as to give' the power 
correctly, just exactly in the same way as we combined 
them in single-phase circuits. I will not go into the 
mathematical discussion of it, it will take too long. 
However, I have shown that when combining the 
currents and e. m.fs., so as to obtain power expressions, 
if we take an unbalanced three-wire system and 
measure the true and reactive power and taking the 
true power as datum lay off three vectors to represent 
the apparent power in each phase, these three vectors 
may be resolved by the method of symmetrical co¬ 
ordinates into components of zero, positive, and 
negative phase sequence. 

We need to deal now only with the product which 
is of zero frequency. The double frequency product, 
as I have explained in the paper, is outside the question 
and does not need to be brought in at all. When the 
zero frequency products are given, all the rest are 
given, and do not need to be considered, they can be 
wiped off the slate. 

The resolution is unique, and therefore the zero 
phase sequence power product will be the resultant 
of the two zero phase sequence systems obtained by 
considering the positive and negative phase sequence 
currents and e. m. fs. as referred to in equation ( 26 ) 
in the paper, and will represent the mean polyphase 
true and reactive power per phase. The positive and 
negative phase sequence power components will corres¬ 
pond with those in equation (26) and will represent 
ttie mean interchange of power among the phases. 
The power factor obtained in this way is that known as 
the vector definition, or as some of us call it, the 
Italian definition. It is the true definition of power 
factor m the polyphase system. There is no other 
definition that is the true definition. 

It will also be evident that while the true and re¬ 
active power due to the negative phase sequence com¬ 
ponents of e. m. f. and current is a measure of the loss 
m power due to the flow of negative phase sequence 
c ^ent it is not a true measure of the detrimental 
effect due to the flow of this unbalancing system of 
currents. We have to consider the fact that this 
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negative phase sequence system will not only heat 
the wires, but has other detrimental effects. 

At the present time a method of measuring reactive 
power in polyphase circuits is used which does not. meas¬ 
ure the reactive power when the system is unbalanced. 
What should be done is to use a reactive power meter, a 
meter of the same type as the wattmeter, which when 
connected in exactly the same manner will measure 
reactive power. _ 

There are other methods of measuring. We have 
these components which refer to the power due 
to the positive phase sequence systems, and power 
due to the negative phase sequence systems. We can 
define the power of each of these and measure _ the 
quantity separately and combine them vectorially 
and get the Italian definition. Each of these quan¬ 
tities may be measured by a single element meter 
with a proper training network. This at first sight 
may appear to be an artificial method of accom¬ 
plishing these results, but, when it is remembered 
that the ordinary single-phase measurement of power 
is accomplished by means of a restraint in the form of 
non-inductive resistance in series with the voltage' 
coil, and that the ordinary watthour meter for the 
measurement of single-phase energy depends upon a 
restraint in the form of inductance to obtain current 
in the voltage coil in quadrature to the impressed 
e.m.f., it will be realized that all schemes of measuring 
power and energy are more or less artificial. Because 
the proposed method happens to be a little different 
from what we are accustomed to, is no reason why it 
should not be attempted. The sole criterion should be 
the degree of accuracy that can be obtained. 

R. D. Evans : Power factor is a term which de¬ 
scribes the energy in an a-c. circuit. It expresses 
the ratio between the amount of energy converted 
into heat in mechanical work, and the amount of energy 
periodically absorbed and discharged in a circuit. 
Power factor is not the simplest factor relating to true 
power and reactive power, but it is a convenient factor, 
as it expresses the ratio between the amount of power 
actually delivered, and the amount of power thatjmay 
be delivered without exceeding the same heating. J 

The definition of power factor for single-phase ^cir¬ 
cuits adopted by the Institute and incorporated infthe 
present rule cannot be readily extended to include^that 
of polyphase circuits, and this is due, not to thejfact 
that the power factor of polyphase circuits is different 
from, that of the power factor of single circuits, but it 
is due to the particular way in which the power factor 
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of the single-phase circuits has been found. In general 
it is to be noted that the definition of power factor 
from the standpoint of phase difference or the ratio 
of watts to volt-amperes requires modification to take 
care of the presence of harmonics, plurality of phases 
and of unbalancing. On the other hand, the defini¬ 
tion of power factor from the standpoint of the pull 
energy is complete and is independent of the presence 
of harmonics, plurality of phase and unbalancing. 

Considering next the device which separates and 
measures the components in an unbalanced system, 
as has been shown by Mr. Fortescue in the three- 
phase three-wire system, the unbalance components 
may be separated into positive and negative sequence 
of voltage, current and power. The theory of these 
instruments is given in the paper, but the sig nifi cant 
thing in connection with these instruments, I believe 
to be, that these quantities are capable of measurement, 
because they have an actual existence. These quan- 
tities have Been measured with considerable accuracy, 
and the apparatus required for measuring them 
is simple. The device for measuring positive 
sequence voltages consists of the meter ele¬ 
ment, and a descriptive diagram. The positive se¬ 
quence ammeter consists of the meter element, two 
of different power factors, and two current transformers 
connecting the meter with the circuit. The negative 
sequence ammeter is obtained by the interchanging of 
the two meters, and similarly the negative sequence 
ammeter is obtained by the interchange of these two 
impedances. 

Having separated out the positive and negative 
sequence components of voltage and current, the next 
step is to combine them to measure the power, the 
reactive power and the power factor. The instru¬ 
ments will measure positive sequence power, positive 
sequence reactive power and positive sequence power 
factor. _ In the three-phase three-wire system full 
power is the sum of the positive and negative sequence 
of the power. The total reactive power is the sum of 
the positive and negative sequence of reactive power. 
Hence, it is possible to measure the total reactive power 
of two phases by the use of two meter elements sup¬ 
plied with this positive and negative sequence compon¬ 
ent, voltage and current. 

In conclusion, power factor, reactive factor, power 
and reactive power, must be defined so that their 
mutual relations are shown, and so that they correspond 
to the physical facts. A scientific or exact definition 
of power factor should be based on the flow of energy. 
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Power factor is the ratio of true power to the square 
root of the sum of the squares of true power and re¬ 
active power. 

It must be recognized that power and power factor 
do not completely describe the flow of energy, and that 
the use of some unbalance factor is necessary. 

A. Nyman: The selection of a suitable definition 
of power factor requires consideration from three 
main viewpoints: Technical, commercial, legal. 

From . the technical viewpoint, the power factor 
• should give a measure of the losses in the system, the 
excitation of generator units, and the burden on capac¬ 
ity of power supply circuits. 

In a single-phase system these values are entirely 
determined by the magnitude of the current. 

In a polyphase system the sum of the squares of the 
currents determines the first factor. The second and 
the third factors are determined in addition by the 
voltage and current unbalance. A definition based 
on the sum of the squares of the currents, like one 
described by Mr. Silsbee, based on effective volt- 
amperes, would give a value satisfying the first factor 
and partly satisfying the second and third factors. 

A definition based upon two arithmetic sums of 
volt amperes is an approximation simpler in form. It 
approaches very closely to satisfying the first factor 
and takes account of factors 2 and 3. 

The vector sum of volt-amperes used as a basis 
for definition is claimed to be theoretically correct. 
It defines the power factor on the basis of energy 
components in the system. This definition, however, 
disregards the effect of the unbalanced loads. 

An attempt has been made as outlined in Mr. 
Fechheimer’s paper, to separate some of the objects 
of measurement by defining, separately, power factor, 
and unbalance. A large amount of mathematics 
is involved in presenting this method. The actual 
working, once mastered, does not appear to be difficult 
and might give a clearer conception of actual distri¬ 
bution of cost items. However, the two factors ob¬ 
tained do not give a direct measure of losses and the 
consequent expenses. They require additional mathe¬ 
matical manipulation in order to determine the total 
value of losses. For balanced voltage supply, the 
power factor determined by this method is the same as 
the one obtained by simpler means for the vector sum 
definition. The vector sum of volt-amperes will take 
into account voltage unbalance, while the power 
factor, as determined by this method, neglects it. 
This scheme of measuring does not cover all cases, 
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but is probably the closest to exactness. Its main ob¬ 
jections are the complexity and the need for special 
measuring instruments. 

Chart 1 gives a number of concrete examples of 
balanced and unbalanced loads. It will be seen that 
Definition 1, as outlined by the committee, approaches 
closest to the one based on losses (Definition 4). Defini¬ 
tion 2 disregards the additional losses, due to unbal¬ 
anced current, and neglects also the effect of unbal¬ 
ance on excitation and on the capacity of lines. Defi¬ 
nition 3 gives results equal to Definition 2. The 
values will differ, however, if any voltage unbalance 
exists. 

CHART NO. I. 


1. Definition one of Committee. 


_ Watts _ 

Sum of Volt Amps. 


2. Definition two of Committee. Watts 

Vector Sum Volt Amps. 

3. Separate power factor & imbalance factor. 

Watts 

-4* T.r\cc — —. . . . .——. . . . . 

V3 (I a 2 ~h Ib 2 + / c 2 ) X (average volts) 



From theeommercial viewpoint, the definition of power 
factor should be considered as affecting the following: 

central station; the user of electric energy 
and the manufacturer of electric apparatus. 

The central station is concerned in the accuracy 
of the term in order to get a reference to expenditures 
above the direct energy supplied, but determined by 
the nature of the load on the station. However, com¬ 
plication should be avoided. Introduction of two re¬ 
lated terms like power factor and unbalance factor, 
each representing a certain phase of expenditure, would 
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involve additional clerical work in determining charges. 
The changes in rates would be subject to legal action. 
Disputes with customers would require technical ex¬ 
planations of great complexity, yet even with such a 
definition, the charge would not correspond exactly 
to the cost of the load. A simpler definition, giving 
a fair measure of accuracy and involving only one term, 
appears as a desirable compromise. 


CHART NO II. 







Pos. Seq. Watts 


Definition 

X. 

Watts 

2. 

Watts 

Pos. Seq. V. A. 

3. 

Neg. Seq. Cur. 



Aspect 

Sum V. A. 

Vector sum V. A. 

Pos. Seq. Cur. 

Technical 

Takes account 
of phase lag 
and of current 
and voltage 
unbalance. 

Takes account 
of nature of load 
only. Neglects 
unbalance. 

Takes account 
of phase lag. 
Takes account 
of unbalance. 



Central 
' Station 

Simplicity & 
fair accuracy. 

Additional 
measurements 
necessary for 
unbalance. 

Special charge 
rates necessary. 

Commercial 


Customer 

Simplicity 

Unbalance must 
be charged 
separately. 

Relatively 
complex and 
difficult to ex¬ 
plain & meas¬ 
ure. 



Manufacturer 

Fair accuracy 
& simplicity. 

No special in¬ 
strument 
necessary. 

Incomplete 

Very complete 
but compli¬ 
cated. 

Legal 

Simplicity i 

Incomplete and 
aot so simple 
is (1). 

Special rate 
complication 
in legal ' 
document. 


The user of electric energy is concerned in getting 
a fair rate of charge for the energy used. The simpler 
the method of charging, the better, provided no par¬ 
ticular load receives an excessive charge. However, 
no definition appears to discriminate between an un¬ 
balance inherent in the load or that created by an 
unbalance of the voltages of the system. Special mea¬ 
surements would be necessary to effect such discrimina- 
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tion. Meters of the type described by Mr. Evans, 
could be designed for this purpose. _ A far more 
serious effect , of unbalance of voltages is the reduced 
illumination from the lighting fixtures on the lines of 
lower potential. Such an unbalance is really a mark 
of poor service and would be objected to by all con¬ 
cerned. It is ready up to the power stations to dis¬ 
tribute the unbalanced loads, or use apparatus for re¬ 
establishing the balance of voltages. 

The manufacturer of electrical apparatus is inter¬ 
ested in having a definition of power factor permitting 
proper rating of power apparatus. An exact defini¬ 
tion is a good goal. A compromise for simplicity is, 
however, very desirable. The legal documents for 
ordering a piece of machinery are already heavily 
loaded with complicated technical matter. 

The supply of instruments to measure whatever 
quantities may be decided upon is mostly a matter 
of design. Almost any definition can be directly 
measured by an instrument developed for the purpose. 
The advantage still lies with a definition which uses 
directly measureable quantities. Definition 1 of the 
Committee is of this nature. 

Referring to the Chart 2, an outline is given of various 
factors affecting the definition of power factor and cov¬ 
ered in this discussion. 

R. Karl Honaman: Mr. Silsbee has taken up 
various suggestions for the definition of power factor 
and analyzed them with a view to determining the 
technical significance of each and also the economic 
significance of each, i. e., the relation between the power 
factor and the increased equipment required to supply 
a certain distorted load or the increased losses with the 
same equipment. This is the important question in. 
connection with the commercial application of any 
definition of power factor when it is used to determine 
rates. 

The quantity in single-phase circuits that represents the 
ratio of kw. to kv-a. depends only on phase displace¬ 
ment between voltage and current. In polyphase 
circuits this ratio depends also on load distribution. 
The factor which combines these two effects and which 
has been called economy factor represents this ratio 
for polyphase circuits. Moreover this economy factor 
is the simple product of a factor determined by phase 
relation between voltage and current and a factor 
determined by the departure from symmetrical dis¬ 
tribution of the load. It has been pointed out that 
ultimately it will be necessary to recognize that dis¬ 
tortion in the polyphase system is really a combination 
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of these two effects and that the situation will be 
clarified by avoiding trying to lump these two effects 
under one name. This paper has shown that this is 
sound economically as well as physically. 

A. E. Kennelly: I think we are all agreed upon 
certain fundamental facts, first that if a polyphase 
system is balanced, we can determine the power factor 
with the same precision and the same. degree of sim¬ 
plicity as in the case of a single-phase circuit, provided, 
of course, that we are dealing with sine waves. We 
also agree that if we have a polyphase system out of 
balance, and with harmonics, that the strict definition 
of power factor becomes so complicated and requires 
so much apparatus, that it becomes a matter of aca¬ 
demic discussion rather than practical engineering 
operation. Therefore, it is necessary to agree, it 
seems to me, upon certain conventions which we can 
reasonably support, just as we have already come to 
certain conventions for the case of the single-phase 
circuit, where we have agreed to ignore the effects of 
harmonics in the ordinary measurement of power factor. 
When we have a balanced three-phase system, with one 
frequency and no harmonics we agree that we can de¬ 
termine the total active power of the system from the 
indication of a single polyphase wattmeter, or the total 
active energy by the reading of a single polyphase 
watthour meter. 


We also agree, I think, that we can find the total 
reactive power in a polyphase system by the [ reading 
of. a single polyphase reactive wattmeter. Our Com¬ 
mittee was not asked to define the reactive factor for 
a polyphase system. It was asked to define the power 
factor. But, of course, as has been pointed out, if 
you can define the reactive factor, then you can de¬ 
fine the power factor in terms of the s am e. 

It is a question, of course, as to how much you 
are to depend upon slide-rule arithmetic and to what 
extent you want the apparatus to perform the operation 
u ^j u ; automatically, but, at least, as engineers, we 
should be able to come to a conclusion, and record our 
conclusion, that in the case of the balanced polyphase 
system there is no dispute concerning what constitutes 
the active power by a polyphase wattmeter, and what 
constitutes the reactive power by a polyphase reactive 
wattmeter. 

Assuming that we agree so far, then the question 
comes—What are we going to do about harmonics? 
The agreement we come to so far, judging from the 

rwf S dlscussl ° ns > is that we can afford to neglect 
them. We can afford to say that harmonics will 


1920] 


DISCUSSION 


1509 


interfere with the strict mathematical statement of 
polyphase power factor, but harmonics are already 
neglected in the single-phase case, so that we can af¬ 
ford to neglect them in the polyphase case. 

If we can agree, then, to ignore these harmonics, 
the sole remaining matter of discussion, and serious 
discussion among us, is the question of unbalance, and 
what should be done for unbalanced polyphase cir¬ 
cuits. It is a serious question. To determine the 
power factor merely of a balanced polyphase system is 
well worth while; but it is not enough. We must 
seek for some agreement in regard- to a quantitative 
definition of unbalance. 

Five different ways of establishing an unbalance 
factor are proposed in the papers here before us. One 
of the five is the method which has been proposed by 
Mr. Fortescue, who has suggested a very beautiful 
way of resolving an unbalanced three-phase system into 
a forward balanced system plus a backward balanced 
system. That is a beautiful method, but requires 
at the present time, certain particular apparatus in 
order to effect this resolution, and it seems to me that 
we ought, at the present stage at least, to try to con¬ 
fine our operation to those which can be performed by 
the regular apparatus with which not only our cus¬ 
tomers are acquainted, but which all engineers are in 
the habit of using. 

The. Committee offered a suggestion in its first 
definition to combine a power factor, as obtained 
from the second definition, with an unbalance factor, 
to give what has been proposed as the “economic power 
factor,” or “apparent power factor,” 

Our difference of opinion comes there as to whether 
that particular method of adopting the unbalance 
factor should be the one we select or not. The un¬ 
balance factor can be referred back to the co mmi ttee 
for further investigation and report, but it seems to 
me we can well agree on the power factor according 
to the second definition indicating that power factor 
does not recognize and is not concerned with unbalance. 

Philip Torchio: Prof. _ Kennedy summarized the 
practical consensus of opinion of the speakers of the 
evening that the definition No. 2 of power factor being 
the ratio derived from the active power and the re¬ 
active power is a correct definition of polyphase 
power factor. I think on that we ought to agree 
■ My paper, on page 1490, points out that all the power 
engineer is concerned with is to have the power factor 
of definition No. 2, and the contemporaneous unbal- 
anced load. The question of combining the unbal¬ 
anced load with the power factor in one empirical form- 
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ula, I think, is not a matter that should be decided by 
the Institute. I^think it is a question of commercial 
application, and if we define the power factor accord¬ 
ing to the true logical definition No. 2, the power en¬ 
gineer can easily, from the readings of the instruments 
by which he will get the active power and the re¬ 
active power, secure sufficient data to define the un¬ 
balance. I do not think the Institute should at this 
take up ^the question of defining the unbalance. 

The definition of power factor is a technical and 
scientific subject, and I think the Institute will ac¬ 
complish a thing which will be of great benefit to the 
industry by standardizing it. 

In my paper I stated that the unbalance factor 
and the power factor should include time. I think the 
element of time should be incorporated in the ultimate 
definition. 


This matter ^ of reactive power has been dis¬ 
cussed by our sister French organization, and they 
suggested that a special name should be given to it. 
It should be, probably, the province of this Institute 
to suggest a name. We call kilowatt the active 
power, and we ought to have some term to determine 
the name of the reactive power. I think it would 
facilitate. the interpretation and the application of 
the definition to the industry if we should give it a 
definite, name. Prof. Karapetoff has suggested re¬ 
watts—it may be that a better name could be used 
but whatever name is adopted, I think it would be a 
great advantage to the industry. 

Herbert Bristol Dwight: There are a number of 
engineers who wish to use definition No. 2 for power 
factor, and who wish to have a definition for balance 
factor. A definition for balance factor should be 
made as simple and easily understood as possible, and 
it should not be complicated by attempting to make it 
applicable to the computing of bills for energy 
1 he present definition of power factor for balanced 
conditions is simple and is accepted by everyone, but 
it cannot be applied directly to the determination of 
an equitable price for energy, and so it seems too much 
to expect that a definition of balance factor can be 
apphed directly in this way. The same is true of the 
definition for load factor. To state this more definitely 
the cost of energy per kilowatt hour cannot be said to 
have increased in the ratio of 80 to 100 because the 
power factor has changed from 100 per cent to 80 per 
f jhe o cost has really changed by some smaller 
ratio than 80 to 100 and this smaller ratio can only be 
approximated roughly and varies greatly under dif¬ 
fering conditions. 
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Therefore, the statement can be made that the 
numerical value given by a definition of power factor 
or balance factor is really of small importance, be¬ 
cause it must be changed before it can be used in con¬ 
nection with the relations of sellers and purchasers 
of energy. The simplicity of the definition and its 
ease of explanation to non-technical customers are of 
far greater importance. 

The following definition is suggested in the belief 
that it offers advantages of simplicity and ease of 
explanation No attempt is made to separate the parts 
or the unbalance for which the customer and the sup¬ 
ply company are responsible, nor is any attempt 
made to compute the losses in certain apparatus due 
to the unbalance. These are separate problems from 
the statement of a defintion. 

Assuming that the voltage and current are sinusoidal 
and that Definition 2 of the Power Pactor Committee 
is to be preferred, the volt-amperes in a polyphase 
circuit are equal to the vector sum of the volt-amperes 
m the several phases. I wish to suggest the following 
definition of the. balance factor: 

“The balance factor in an unbalanced circuit is the 
ratio of the volt-amperes in the unbalanced circuit 
(by the vector sum definition) to the volt-amperes in 
a balanced symmetrical circuit of the same kind, 
whose voltage between conductors adjacent in phase 
is equal to the highest voltage between any two 
conductors adjacent in phase in the unbalanced cir¬ 
cuit, and whose current per conductor is equal to 
the greatest current in any of the conductors of the 
unbalanced circuit. 

This applies to direct-current, single-phase and 
polyphase circuits. 

N. b. This refers strictly only to cases where the 
voltage and current are both sinusoidal and to direct- 
current circuits.” 

The above definition can be explained to a non¬ 
technical purchaser of energy in the same way as the 
ordinary definition of power factor. In a bank of 
transformers, which may be used as an example, the 
iron magnetic circuit is of such size as to hold up a 
certain voltage, and the conductors are of such size 
as to carry a certain current. The provisions for 
voltage and current constitute a large part, though 
of course, not the whole, of the cost of delivering energy. 
If the voltage and current are in phase, a certain 
maximum power can be handled. If they are not 
m phase, the power is reduced, and the ratio of the actual 
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power to the maximum power is called the power factor. 
So, also, if the voltages and currents are equal and 
symmetrical in phase, a certain maximum kv-a. can 
be handled. If conditions are unbalanced, the kv-a. 
are reduced, and the ratio of the actual kv-a. to the 
maximum kv-a. is called the balance factor, according 
to the definition which I have here suggested. 

The above definition and explanation seem to me to 
be as simple and as easily understood as possible. 
If this definition is adopted by the Institute, the 
following simple statement could be made: Load 
factor, power factor and balance factor are all equal 
to the ratio of an electrical quantity as its exists, to 
the maximum value of the same quantity for which 
provision has been made. 

Reference has been made to the request of the I. E. G. 
for a single syllable word to correspond with the word 
watt and to represent one reactive volt-ampere. 
Since reactive volt-amperes are for the most part 
caused by the magnetizing current of induction motors 
and transformers, I would suggest the word “mag." 
Thus, one reactive kv-a. would be equal to one “kilo- 
mag.” 

W, H. Pratt: I heartily sympathize with the 
views expressed by Prof. Karapetoff, and I may state 
further, they are much in line with some remarks I 
made in discussing the same matter with Dr. Kennedy 
some time ago, and that is, that we make a mistake 
by throwing things into the cosine form, when we 
are really not interested much in that cosine. There 
are many cases where we would greatly benefit our 
discussion if we at least went no further than to 
speak of the angle that corresponds to the determina¬ 
tion which we made by the measurements. 

The paper which I presented has a very restricted 
purpose—it had in view this thought 'the power 
factor in its origin and as recognized by the definition 
which was established by the Institute, and which is 
still in force represents not the measure of phase dis¬ 
placement, but simply a factor to reconcile the readings 
of voltmeters and ammeters, with the wattmeter 
connected to measure the same circuit. As far as 
I can see, in spite of the fact that the term is used 
much more generally to describe a matter connected 
with phase displacement, it has never been definitely 
and correctly used except in this other manner. 

For that reason it seems to me the Definition No. 1, 
which I grant has not a very extensive use, does give 
a . T^Jhaty which practically exactly corresponds 
with the single-phase definition. 
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To be sure, a single-phase load applied to a three- 
phase circuit will give you a value of power factor, 
which, for a non-inductive load would be other than 
unity, but that is in the power factor of the single¬ 
phase load. The quantity described in definition 
No 2 is a much more useful quantity in general. 
It would seem to. me, however, it does not fall in line 
with the definition used and recognized for single¬ 
phase work. 

For this reason it would seem that if the quantity 
defined by No. 2 is recognized as the quantity we 
want to use, we should give it some distinctive name. 
It perhaps might be well, if we must get near to the 
term power factor, not to get any nearer than to call 
it vector power. 

G. A. Sawin: In the Committee report it is 
stated: “The Committee now feels that its initial 
purpose was somewhat too ambitious and that in 
attempting a complete solution of a problem of this 
magnitude, did not fully realize the far reaching re¬ 
sponsibility of attempting to make or advance the 
ultimate decision.” 

I think it would be most unfortunate if the Com¬ 
mittee’s functions were completed with this report, 
as it would not make for progress. I move that 
the Committee be continued in this work and instructed 
to revise its preliminary report in order to make to 
the Standards Committee a final report and further 
instructed in making that final report, the Committee 
pay particular attention to the consensus of opinion 
that has been expressed here tonight. That final 
report, should be made just as soon as the Committee 
can be called together, and the report prepared and 
submitted to the Standards Committee. 

J. R. Craighead: In reference to the “conseusus 
of opinion” it seems to me that the Committee should 
be instructed to regard all the discussion that has been 
presented on this subject. 

A. E. Kennelly: I am sure when the Committee 
convenes they will be a little in doubt as to just what 
the consensus of opinion may have been. If the 
meeting would be willing to formulate any expression 
of its consensus of opinion arrived at as a result of 
the discussion on this floor, for example, on the balance 
system, the Definition No. 2 might be taken as the 
factor, and I think it would be very gratefully re¬ 
ceived, I am sure, by the Committee as a whole. 

The Chairman: There is no reason why you 
should not offer an amendment incorporating what 
you have in mind. 
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A. E. Kennelly : Will the amendment be accept¬ 
able in stating as the consensus of opinion namely, 
that Definition No. 2 be here accepted as the expression 
of the definition of the vector power factor of the 
balanced three-phase system, without regard to the 
question of unbalance? 

George A. Sawin: I will accept.the amendment. 

Philip Torchio: Dr. Kennedy’s amendment ap¬ 
plies to a balanced load. The consensus of opinion 
of this meeting was that in defining power factor we 
should disregard the question of the effect of unbalance, 
and should adopt a definition of power factor as power 
factor alone, applied to a balanced or unbalanced load, 
and I would move a further amendment, if acceptable 
to Dr. Kennelly, that the balanced load be stricken 
out, and it should be made to apply generally to any 
polyphase load. 

A. E. Kennelly: I accept the revision of Mr. 
Torchio, if that is acceptable to the original proposer. 

George A. Sawin: If we could get the expression 
of opinion first that would help matters. 

The Chairman: Suppose we divide it into two 
motions. 

Philip Torchio : I will make the motion as follows : 

That it is the consensus of opinion of this meeting 
that the polyphase power factor be defined as the ratio 
between the active power and the reactive power. 

C. L. Fortescue: I suggest you express it as 
derived from the active and reactive power, because 
we stiff want to retain the cosine of the angle. 

Philip Torchio: I will then revise the motion 
to read as follows: 

The polyphase power factor be defined as being 
derived from the ratio of the active power to the re¬ 
active power. 

The Chairman: You have.heard Mr. Torchio’s 
motion as he has reframed it. (The motion was duly 
seconded.) 

,, W. H. Pratt: As I understand the motion it reads 
tnat it is the consensus of opinion of this meeting that 
the polyphase power factor be defined as being derived 
from the ratio of the active power to the reactive 
power. Now, my criticism is that it would be better 
to call that vector power factor, as related to polyphase 
virc lulls* 


. Phili P Torchio: It would complicate the expres¬ 
sion, as I understand it. 

w * Pratt: I would rather not see the name of 
this thing tied down too definitely before the final 
discussion m the Committee. 
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C. L. Fortesque: Let us have one power factor— 
do not let us define it in any way. If _we start to 
define that as vector power factor, we will have this 
and the other power factor. Call it power factor 
as derived from the ratio of the active or true power 
to the reactive power. 

p-The Chairman: You have heard the discussion. 
All in favor say “aye”. The motion is carried. 

George A. Sawin: I will now renew my motion, 
that the Committee be instructed to formulate the 
final report to the Standards Committee, and do it 
immediately, including in this main motion the motion 
which has just been pased. 

(The motion was duly seconded, put to vote and 
carried.) 

W. V. Lyon (communicated after adjournment): 
In many commercial circuits the wave forms of voltage 
and current do not depart seriously from the sinu¬ 
soidal. This fact might well have formed the basis 
for our definitions of the volt and ampere. While 
such definitions might have had practical value, their 
usefulness in scientific theory and research would 
have been slight. It would matter but little that the 
errors were generally small. Any unnecessary error 
in theory is not excusable. The responsible scientific 
bodies, however, have chosen definitions for these 
quantities which do not depend upon the manner 
of their cyclic variation. This stand is entirely right. 
Wherever possible, a definition should not have its 
application restricted to special or ideal conditions. 
The writer most heartily indorses Mr. Fortescue when 
he says: 

“When new factors come up for definition, the 
proper procedure is to find out if there is some scientific 
basis on which to form a definition. A d efin ition 
should not be based on mere surmise, or opinion, but 
should be scientifically derived, and those to whose 
duty it falls to frame such definitions should not be 
influenced by the state of the art, or by whether the 
requisite instruments are available or not, but should 
aim to make them as rigidly correct and as compre- 
hensive as possible. The art will follow quickly 
enough. It is not vitally important in practical work 
that all definitions shall be rigidly adhered to, but it 
is vitally important that our standards and definitions 
are based on sound scientific principles. It is not of 
great importance whether a carpenter, in practising 
his trade, uses a wooden yard measure or a steel tape 
but no one questions the importance of having accurate 
gages and standards of length.” 
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. Is it not best to incorporate this same breadth of 
view in the definition for power factor? The writer 
believes that if this is done, a simple, general and 
workable definition can be formulated. 

In the term “power factor,” we recognize that the 
rate at which a given alternating current does work is 
not entirely dependent upon its loss in electric pressure 
as it flows through the circuit. Both from our theoreti¬ 
cal and practical experience, we have learned that, due 
to their inherent characteristics, some circuits absorb 
more power than others when a given current flows 
through them at a given loss in electric pr ess ure. 
Usually, although not always, this may be explained 
as due to the cyclic storage and release of electric 
energy. When both the current and voltage vary 
sinusoidally, the maximum rate of this storage is 
generally known as the reactive power. For this 
ideal condition of voltage and current variation, the 
reactive power may be measured with a reactive watt¬ 
meter. Unfortunately, in the general case, when 
the voltage is non-sinusoidal or the circuit constants 
vary cyclicly, any rationally defined reactive power 
cannot be measured with a reactive wattmeter. For 
example, when a non-sinusoidal voltage of fixed 
r. m. s. value, but with a wave form which can be 
varied at will, is impressed on a circuit whose resistance 
and inductance are strictly constant, the conditions of 
energy storage can be altered to a considerable degree 
without changing the reading of either an active or a 
reactive wattmeter which is properly connected in the 
circuit. Again, any non-reactive circuit whose re¬ 
sistance vanes cyclicly, as does that of an incandescent 
lamp, absorbs less power than if the resistance were 
constant and of such a value that the current would 
be the same as that through the lamp. A reactive 
wattmeter would, of course, fail to indicate, if connected 
in this circuit.* 

The. writer believes that no rational and general 
definition of power factor can be given which is based 
either on the idea of reactive power or of a reactive 
wattmeter reading. There is, however, a simple and 
general conception of power factor which might be 
used. Furthermore, it is equivalent to that already 
adopted by the A. I. E. E. for the case of a single-phase 
circuit. The scientific fact is this: there is one type of 
arcint, viz., a constant non-reactive resistance, which 
will absorb more power than any other type when a 


*See “Reactive Power and Unbalanced Circuits,” W. V. Lyon 
Electrical World, June 19, 1920. 
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given current flows through it at a given loss in electric 
pressure. The commercial application of this is that 
a consumer who has any other type of load fails to 
utilize the power that is placed at his disposal. He 
demands the use of a certain capacity of electri cal 
equipment, and then regularly in every half cycle 
(of voltage) 'he returns a portion of the energy he 
receives. He is in the same category as the merchant 
who regularly orders merchandise, and just as regularly 
returns a portion of it: , y 

It may be of interest to some to prove that with 
fixed r._m. s. values of voltage and current, the greatest 
power is absorbed when the circuit is a constant non- 
reactive resistance,—constant in the sense that it 

cycle n0t Vary m any Way ’ even i¥ithin the time of one 

• J n Jp ei ? e3 T?h the voltage and current may be analyzed 
into their Fourier components, thus: 


« = 2 


V2 E n sin (w co t + a„) 


and i - 2 ^2 I n sin (n co t + a n - d n ) 

The mean-square voltage and current are: 

(&)* = 2 En 2 


(I a ) 2 = 2 In 2 

1 

The square of the average power is: 

P 2 = { 2 E n I n Cos e n 

What we wish to prove is that for any value of fre¬ 
quency and with any harmonics present, the greatest 
value that the average power can have is the product 
of the current and voltage. A typical term in the 
square of the product of voltage and current is: 
_Fn 2 I » 2 

The corresponding typical term in the square of the 
power is: 

En 2 I n 2 Cos 2 dn 

There are also typical pairs of terms in the square of 
the product of voltage and current, such as 

E 2 l p * + E 2 ! 2 

The corresponding typical product term in the square 

“ t 11 ® P°^f’ such as 2 E n I n Cos d n . E p I p Cos 0„ 
may be written 

2 E n I P E p In cos 6 n COS dp 
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There is a theorem in algebra that the greatest value 
of (2 a b ) is (a 2 + b 2 ) and furthermore, this occurs 
when a and b are equal. Thus the power is always 
less than the volt-amperes, except when the phase angle 
is zero (for every frequency) and when E n I p = E p I n , 
that is, when there is the same ratio between all of 
the corresponding harmonics of voltage and current. 
This is, of course, true only when the voltage and 
current have exactly the same wave form. The only 
conceivable kind of electrio circuit which fulfills this 
condition is a constant non-reactive resistance. With 
such a circuit, the resistance, r, is 



This relation holds, irrespective of the wave form of 
the voltage. This constant non-reactive resistance 
will absorb more power than any other type of circuit 
from a given root-mean-square current flowing through 
it at a given root-mean-square loss in pressure. If 
such be the case, it might be well to take this circuit 
as the standard and compare the power absorption 
quality of every other circuit with its own. This is 
equivalent to the present A. I. E. E. definition of 
power factor as applied to single-phase circuits. The 
power factor would be the ratio of the actual power 
taken by the circuit to that which the standard circuit 
would take under the same conditions of r. m. s. 
voltage and current. That is, it would be the ratio 
of the wattmeter reading to the product of the volt¬ 
meter and ammeter readings. 

There is no difficulty in extending this conception of 
power factor to a circuit with any number of phases. 
All that is necessary is to imagine that the actual load 
is replaced by an arrangement of “standard” circuits, 
i. e., constant non-reactive resistances—so adjusted 
that the root-mean-square line currents they take are 
equal to those taken by the actual load.* The r. m. s. 
line voltages are the same in each case. The writer 
has in mind a three-phase circuit, without a neutral 
conductor. In some other cases, the phraseology 
might need to be modified, but the underlying principle 
must be obvious. For any given values of r. m. s. 
line voltages and r. m. s. line currents, the power 
absorbed is never greater than when the load is a 
combination of constant non-reactive resistances. 
There are_ some special cases of extreme unbalance in 
which it is necessary to assume that one of the re- 

*Notiee that this does not alter any degree of unbalance 
that may exist in the line currents. 
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sistances has a negative significance. There are also 
cases in which the same power is taken by the actual 
load as by the resistance units, i. e., those in which, 
assuming sine waves, the algebraic sum of the reactive 
volt-amperes is zero. The power factor is thus the 
ratio of the actual power to the greatest possible 
power that could be absorbed by any load taking the 
same r. m. s. line currents at the same r. m. s. line 
voltages. According to this conception, the power 
factor of any load would be the ratio of the measured 
power taken by the load to the measured power t ak en 
from the same system of voltages by an arrangement 
(A or Y) of “standard” circuits—the r. m. s. line 
currents being the same in each case. The standard 
circuit might,_ of course, be arranged in miniature, so 
that multiplying factors for voltage and current would 
be used. 

This method might well be considered impractical in 
many cases, and it is desirable to develop others that 



will at least give a fair degree of accuracy. Fortu¬ 
nately, the power taken by the standard resistance 
units may be calculated in any case where the root- 
mean-square line currents and voltages are known. 

Let Fig. 1 represent _ the “standard” circuits con¬ 
nectedin delta, and adjusted so that the r. m. s. line 
currents i ? . It and / c are respectively equal to the 
corresponding r. m. s line currents taken by the actual 
f small 1 letters represent instantaneous 
values of voltage and current. The directions of the 
arrows show the assumed positiye directions of both 
- voltage and current. Since the line current i is 

! q anrW the , d , i ® erence °J adjacent delta currents, 

muf,?’ ^ nd the s F m of the line voltages is zero.* 

I he following equation for the mean square line current 



Jim 
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Similar expressions for the mean square line currents 
I b 2 and I c - may be written. 

The solution for the current distribution, and the 
power absorbed, involving as it does only the mean 
square line voltages, is independent of their wave form, 
and is thus the same as if the line voltages were actually 
sinusoidal. There is, however, a definite method of 
solution in the case of sinusoidal wave forms— -viz., 
the vector method. Thus a correct result is obtained 
for the solution of a certain problem involving an 
unbalanced system of non-sinusoidal voltages by em¬ 
ploying vector analysis in exactly the same way it 
would be employed if the voltages and currents were 
sinusoidal. There is, then a simple graphical method 
for obtaining the power absorbed by the “standard” 
circuits.* 



The total power taken by the resistances is the vector 
sums of the volt-amperes of two wattmeters properly 
connected to measure the true power. The angle 
between the volt-amperes is the sum of the angle be¬ 
tween the voltages E n and E n and the angle between 
the currents I- L and I 3 when both voltages and currents 
form the sides of triangles as shown in Fig. 2. 

In commercial practise, when it is not deemed 
necessary to actually measure the power factor as here 
defined, and when the harmonics present are relatively 
insignificant, an approximate value of the power 
factor might be calculated from the readings of active 
and reactive wattmeters in the proposed mann er 

The definition that the writer proposes, being the 
ratio of the actual power to that absorbed by a 
“standard” circuit, is restricted in no way whatsoever 
by wave form, the number of phases, or the degree of 
their unbalance, and, thus being general, it seems to 
approach the ideal as set forth so admirablv bv 
Mr. Fortescue. 


* Electrical World , June 19, 1920. 




Presented at the 3 6th Annual Convention 
of the American Institute of Electrical Engi¬ 
neers, White Sulphur Springs, W. Va., 
July 2, 1920. 

Copyright 1920. By A. I. E. E. 


CONSIDERATIONS WHICH DETERMINE THE 
SELECTION AND GENERAL DESIGN OF 
AN EXCITER SYSTEM 

BY J. T. BARRON 

General Superintendent of Production, Public Service Electric Co., 
Newark, N. J. 

AND ALEX. E. BAUHAN 

Superintendent of Stations, Pennsylvania Water and Power Co., 
Baltimore, Md. 

Excitation systems may be divided into (a) Central 
bystems with separately driven exciters, (b) Central 
bystems with direct-connected exciters, (e) Individual 
bystems with direct-connected exciters and (d) Indi- 
Systems with separately driven exciters. 

The paper discusses the factors which must be 
wu?™ m dete ™ining which of the above systems 
is the best to use in any particular case. The topics 
discussed are:—Auxiliary Power Service, Voltage Regu- 
tion, Storage Battery, Space Requirements, Initial 
Cost, Operating Cost, Effect of Power System Troubles 
Exciter System Troubles, Simplicity and 
Reliability. 

The paper also considers subjects related to the 
completion of an excitation design layout under the 
il ® a ^ 1 ^ s of Number and Size of Exciter Units, Kind 
of Drive, Shunt vs. Compound Exciters, Voltage, Bus 
Arrangements and Protection. 

I T is the purpose of this paper (a) to discuss the 
factors which determine the selection of an exciter 
system for a generating station and (b) to discuss 
other general design features of excitation systems. 
No attempt is made to recommend any particular 
system for general application but rather to present 
a method of analyzing the problem for a particular case. 

Excitation systems, as shown in the accompanying 
figure, may be roughly classified as: 

A. Central system with separately driven exciters. 

B. Control system with direct-connected exciters. 

C. Individual system with direct-connected exciters'. 

D. Individual system with separately driven exciters. 
Given a particular station, generator design and 
set of operating conditions, the question of which of 
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the above systems is to be used can be determined 
mainly by consideration of the following topics: 

1. Auxiliary power service. 

2. Voltage regulation. 

3. Storage battery. 

4. Space requirements. 

5. Initial cost. 

6. Operating cost. 

7. Effect of power system troubles. 

8. Effect of exciter system troubles. 

9. Simplicity. 

10. Reliability. 

When the particular system of excitation to be used 
has been determined, consideration must be given to 
the following matters before the general design of the 
excitation system can be laid out. These points in the 
main have little to do with determining the system of 
excitation. 

1. Number and size of exciter units. 

2. Kind of drive. 

3. Shunt or compound wound exciters. 

4. Voltage. 

5. Bus arrangements. 

6. Protection. 

PART I 

CONSIDERATION OF FACTORS 
WHICH DETERMINE THE SELECTION OF THE 
EXCITER SYSTEM 

1. Auxiliary Power Service 

The practise of using the excitation system to supply 
auxiliaries is common in hydroelectric plants but is not 
the general practise in steam plants. It is not within 
the scope of this paper to discuss the merits of the 
different methods of driving auxiliaries but if it is 
decided that some of the auxiliaries must be fed by the 
excitation system, the choice of system is affected. 

Systems A and B. These systems present no diffi¬ 
culties in the matter of' power supply to auxiliaries. 
Auxiliaries may be supplied directly from the exciter 
bus or from a separate bus to which one of the exciters 
not needed for excitation purposes may be connected. 
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If the exciters are controlled by a voltage regulator 
it is -not advisable to supply any auxiliaries from the 
excitation bus. In such a case it is necessary to have 
a separate bus for the auxiliaries. If enough exciters 
are provided to take care of the excitation on one bus 
and to take care of the auxiliaries on the other bus 
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and still leave at least one spare unit, auxiliaries can 
be taken care of satisfactorily. 

If there are not enough exciter units to do this the 
only practical way of taking care of the auxiliaries 
s them directly from the exciter bus and pro¬ 

vide a booster for voltage regulating purposes, the 
exciter bus potential remaining constant. 

It must be remembered that high voltages may be 
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induced in the field circuits from main system troubles 
or by the loss of exciter supply and if provision is not 
made against this the high voltage may affect auxili¬ 
aries at least to the extent of blowing fuses. 

System C. It is not practical to feed auxiliaries from 
the exciters in this system. 

System D. This system offers a good source of power 
for auxiliaries. If the individual exciters are driven 
by induction motors at low voltage the auxiliaries can 
be driven from the same bus as the exciter motors. 
If the exciter motors are 2300 volts, transformers can 
be interposed between the bus and the auxiliaries. 

2. Voltage Regulation 

Where exciters are to be controlled by voltage 
regulators it must be remembered that they should be 
especially designed for this purpose. The special 
features usually consist of providing for low saturation 
and for ample range without going too far above the 
knee of the saturation curve. 

Systems A and B. In Systems A and B voltage 
regulation can be obtained by the use of one voltage 
regulator of either the a-c. and d-c. coil type or of the 
a-c. coil type, operating on the field rheostats of all the 
exciters. If it is desired to operate' auxiliaries from 
the exciter bus or to have a battery floating on the 
exciter bus this system of voltage regulation cannot be 
used. It is then necessary to interpose a booster 
controlled by a voltage regulator between the exciter 
bus. and the field bus. The exciter bus then operates 
at constant potential. ‘ 

Systems C and D. In the case of Systems C and D, 
if the a-c. and d-c. coil type of regulator is used, a 
separate regulator is usually used on each exciter. 
Each of these regulators must be equipped with a 
current connection which receives a current propor¬ 
tional to the generator current and at ninety degrees 
to the potential in the a-c. coil in order to stabilize 
reactive component distribution. When a regulator 
having only an a-c. coil is used, it is customary to 
operate exciters separately with but one regulator. 
The proper distribution of reactive component in this 
case is taken care of by designing or adjusting the 
exciters to have identical characteristics. 
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Using an individual regulator on each exciter makes 
it possible to regulate for two or three or more voltages 
on different sections of bus feeding different loads and 
fed by any combination of generators. If a-e. coil 
type regulators are used one will be required on each 
section of bus on which it is desired to have automatic 
regulation. This arrangement is of course not as 
flexible as that provided by having separate regulators 
on each generator. 

A modification of the booster system of regulation 
for use with individual exciters has been devised and 
installed by Mr. F. E. Ricketts, Superintendent of 
Electric Stations of the Consolidated Gas, Electric 
Light & Power Company, Baltimore. This modi¬ 
fication permits the use of one regulator with one 
booster in System C and D without the necessity of 
paralleling any of the exciters. It makes use of a 
double negative (or positive) bus. The individual 
exciter terminals are connected to one of the buses 
and one lead from each generator field is connected to 
the other bus. There is a resistance inserted between 
these two buses for each exciter, the value of which 
is inversely proportional to the capacity of the exciter. 
The voltage regulating booster is connected across 
these buses and voltage regulation is obtained by 
varying the potential between these two buses by 
means of the booster regulator. The principal ad¬ 
vantage of this system is that it permits Systems C 
and D to be regulated by a single voltage regulator 
without paralleling the exciters and that the power 
system is practically immune from any regulator or 
booster trouble. The accompanying diagram shows 
the connections for such a system. 

3. Storage Battery 

A storage battery cannot be considered as taking 
the place of spare capacity. Its function is to im¬ 
mediately and automatically take over the load of an 
exciter which trips by relay action or ceases to generate 
and to carry that load until the exciter is restored to 
service or a spare put in its place. It does away with 
the necessity of keeping spare exciters on the bus and 
thereby permits more efficient operation. A battery 
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is justified only if the cost of operating spare exciters 
on the bus, or if the value of increased assurance of 
continuous service during times when no spare exciters 
are available, is greater than the fixed and operating 
costs of the battery. Large stations supplying light¬ 
ing and commercial power load in the larger cities con¬ 
sider essential the installation of storage batteries. 

The storage battery must be at least large enough 
to take over the entire load of one of the exciters for 
ten minutes. The battery in System A therefore must 



Connections for Use of Voltage Regulating Booster 
With Individual Exciters 

be larger than the battery for any of the other systems. 
It is not customary in Systems A and B to make the 
storage battery larger than what would be necessary 
to carry the entire load for more than one hour, seldom 
for more than one-half hour. 

Systems A and B. Systems A and B offer the great¬ 
est opportunity for the advantageous use of a storage 
battery. If the exciters are controlled by an automatic 
voltage regulator it is not possible to float the battery 
on the bus without the use of complicated undesirable 
devices to control the position of the end cell switch. 
If automatic voltage regulation is desired a booster 
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should be used for the purpose. The battery is then 
floated on the constant potential exciter bus. 

Systems C and D. In connection with Systems C 
and D the battery cannot be operated in parallel with 
the exciters, but automatic devices can be installed 
to cut in the battery and to cut out a defective exciter. 
If such devices are installed the station attendants 
should be prepared to give such automatic devices 
the attention required to keep them in operating 
condition. 6 

Space Requirements 

Space requirements will usually be a consideration 
only to the extent that they affect building and sub¬ 
structure costs. Definite space limitations may exist 
m a crowded city station. 

System A. Exciters in System A will probably be 
fairly large units as compared with those in some of 
the other systems and will require that special con¬ 
sideration be given to providing space for them. The 
building and substructure will have to be made wider 
or longer to house them. For motor-driven exciters 
a space for transformers and switching structure may 
have to be specially provided. In the hydroelectric 
plant, turbines, governors, headgates, screens and 
other hydraulic equipment require space. In the 
steam station space for turbines, pressure and exhaust 
piping will be needed. 

Systems B and C. These systems require very little 
otherwise unused space. In the vertical unit hydro plant 
the exciter will not require any additional head room 
over that needed for the assembly and dismantling 
of the units. Some space is needed for spare exciters 
if they are provided. In the plant with horizontal 
steam or hydro units some additional 'building space 
will be needed on account of the exciters, but not a 
great amount. If individual voltage regulators are 
used for each exciter this will take additional switch- 
board space. 

System D. The space requirements for this system 
are about the same as those for System A. At each 
unit space must be provided for the individual exciter 
with its motor. Space needed for any spare exciters 
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and their buses must also be kept in mind. As in 
System C individual voltage regulators call for addi¬ 
tional switchboard space. 

Initial Cost 

It has not been found possible to arrive at any 
definite comparison of costs that would be of value to 
anyone attempting to select a system of excitation 
for a certain station. Proper procedure in this case is 
to make a rough layout of each of the systems and to 
prepare cost estimates. System D will probably al¬ 
ways cost more than any of the other systems. System 
A will cost more than Systems B and C in any except 
a very low head plant having a large number of units. 
A rough approximation of costs for a hydro plant 
having a head of 55 feet with eight 10,000-kw. gener¬ 
ators operating at about 100 revolutions per minute 
shows that the cost of Systems B or C is 10 per cent to 
30 per cent less and System D, 20 per cent to 40 per 
cent more than System A, the variations being due to 
variation in. the details of design. The comparatively 
high costs in Systems A and D are due to the hydraulic 
equipment for driving the exciters, substructure and 
building requirements. For plants operating at still 
lower heads the advantage in favor of the direct- 
connected systems will be lessened by the rapidly 
increasing cost of the low-speed exciters. 

For a large steam turbine plant Systems B and C 
will probably cost 30 per cent to 50 per cent less and 
System D, 20 per cent to 40 per cent more than System 
A. The figures for a large high-speed hydro plant 
will probably be similar to these. 

6. Operating Cost 

Operating costs include fixed charges, attendance, 
supplies, maintenance material and labor, and energy. 

Fixed charges are roughly proportional to initial 
costs. Attendance costs for the station are not ordi¬ 
narily increased by the excitation system. A slightly 
better class of attendants may have to be provided on 
the main floor in large stations if they are expected to 
do any excitation switching. Supplies is a small item 
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depending somewhat on the amount and class of 
equipment used. 

Maintenance material and labor are dependent on 
the number of pieces and the class of equipment and 
the amount of complication rather than on the system 
used. Ten small exciters will require almost ten times 
as much maintenance as one large exciter. The 
principal maintenance costs in the large station will 
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to make a comparison on the basis of all day efficiencies 
nor to take into account various operating consider¬ 
ations which might interfere with obtaining best 
efficiencies. 

Rheostat losses may be reduced in Systems A and B 
if voltage regulators are used on the exciters. It is 
evident from the above table that the direct-connected 
systems without rheostats give the best efficiencies. 
The direct-connected systems will also probably have 
the best all day efficiencies. 

A similar table for a steam plant cannot be con¬ 
veniently drawn up on account of varying conditions. 
Efficiencies in this case will depend largely on the 
extent to which exhaust steam is utilized. 

Effect of Power System Trouble 

(a) Short Circuit on Feeder or on Bus Not Cleared 
Promptly . 

System A. Prime mover-driven exciters are un¬ 
affected. If only motor-driven exciters are used 
the exciter voltage will drop and cause reduced short- 
circuit current. This in some cases may be considered 
desirable from the standpoint of protection to oil 
switches and equipment and in other cases is considered 
undesirable for the reason that high short-circuit 
current is wanted for proper selective operation of 
relays and high excitation is desired in order to keep 
the machines in synchronism. If a motor-driven 
exciter is operating in parallel with prime mover- 
driven exciters, the motor-driven exciter may trip 
out by reverse current. If the other exciters on the 
bus are unable to take care of the excitation, a delay 
in restoration of service will result. This involves the 
attention of the operator at a time when he is busy 
-with power system troubles. A storage battery or 
reserve prime mover-driven exciter capacity on the bus 
eliminates this trouble. If possible motor-driven 
exciters should not be used during times of impending 
power system trouble. 

The potential induced in the generator fields will 
cause a fluctuation in the exciter bus voltage which 



1920 ] 


J. T. BARRON AND A. E. BAUHAN 


1531 


will interfere with the operation of auxiliaries if they 
are fed from the same bus, at least to the extent of 
blowing fuses, and has in some cases caused a reversal 
of exciter polarity even though the exciters were shunt- 
wound. 

Systems B and C. If the load due to a short circuit 

is greater than the pulling out point of the generator 
at the reduced value of terminal voltage and exciter 
current it will fall out of step, speed up and be brought 
back to normal speed by the governor. If the load is 
less than the pulling out point but greater than the 
prime mover capacity, the unit will slow down If 
the short circuit is directly on the station bus all 
generators not separated by reactors will fall out of 
step with resultant variations in speed before governor 
operation takes place. If the generators speed up 
exciter voltages will be increased. If the generators 
slow down, the exciter voltage will be reduced In¬ 
creased exciter voltage would be considered an advan¬ 
tage where higher short-circuit currents for proper 
relay action and greater synchronizing powers are 
c esired, and would be considered a disadvantage where 
eie is canger of mechanical damage to equipment or 
failure of oil switches. If it is decided that the worst 
possible variations in generator speed will not ser¬ 
iously affect the operation, then one of the principal 
disadvantages to the direct-connected systems has 
been eliminated. This is the decision usually reached 
m large steam plants using high-speed turbines, which 

trip™ E 1 ** 1 by thSir governwrs emergency 
trips to attain any excessive speed* 

c ,„t'^ rrenL, \ wl1 ] be in(,uce(1 m the generator fields the 

exciters ""ti/g A ’ ^ hu ‘h nia .y result in reversal of 
dmnii 1 kSys,em t polarity reversal is usually of 

S mg T eIy resultH in Uu ‘ machine 

slipping a pole. Ordinarily in this system the exciters 

f a 0 Ennot P tri d wit ' h reverse ' cumi nt relaysamUhere- 
I ® 0 tup out by reverse current. If they are 

bnt2r P3 ?f ’ US 1S the case when use< i with a storage 
battery, the reversal of polarity will cause the exciter 
to trip out and the battery to cut in 



1532 


J. T. BARRON AND A. E. BAUHAN 


[July 2 


System D. Exciters are not affected by generator 
speed fluctuations. There is a possibility of polarity 
reversal. This will cause the generator to slip a pole 
but will not otherwise interfere with operation. 

General. Reversals, except in the case of compound 
exciters on central systems, will be of rare occurx enee. 
Speed fluctuation with resultant variation of exciter 
voltage is the most important effect of short circuits 
and may be partially overcome by voltage regulators. 
System D is the most desirable. System A is the next 
best, being almost equal to System D if the exciters are 
prime mover-driven or if the motor-driven exciter 
load can be picked up by other exciters or battery. 
System C has a slight preference over System B, which 
is the least desirable. 

(b) Sudden Loss of Load. 

System A. Speed of motor-driven exciters is in¬ 
creased temporarily. If the compensation for voltage 
drop is considerable, induction motor-driven exciters 
may drop in speed and lose some of their load but 
probably not enough to trip out. Prime mover- 
driven exciters are unaffected. 

System B. Generators will overspeed until governors 
catch them. If there are no regulators the main bus 
voltage may go to a high value as the effect of increased 
generator speed and exciter voltage is cumulative. 
Any feeders or load which may be left on the bus may 
be inconvenienced by this high voltage. Regulators 
will tend to prevent this increase in voltage. 

If only some of the .generators lose their load and 
thereby increase in speed, the shapes of the satur¬ 
ation curves on the exciters will be different and this 
may result in reversal or pumping between exciters if 
compound-wound. 

System C. Same as System B except that exciters 
cannot reverse due to loss of load on only some of the 
generators as they are not in parallel. 

System D. Increase in speed of generators will not 
affect exciter speeds and increase in voltage will only 
be proportional to increased generator speed which 
is easily taken care of by regulators. 
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(c) Generators Falling Out of Step. 

System A. A transient will be caused in the exciter 
system. Bus voltage may be pulled down to a point 
where service to motor-driven exciters would be 
affected in which case reverse current relay may 
function. Prime mover-driven exciters are unaffected. 
If battery or sufficient spare exciter capacity is in 
service, it does not matter if one exciter trips out. 
Effect is not serious. 

System B. Generator falling out of step causes 
temporary increased speed of that generator, equivalent 
in effect to loss of load on the generator. This causes 
distortion of saturation curves and if exciters are com¬ 
pound-wound may be the cause of pumping between 
exciters or reversal. If the speed of the other gener¬ 
ators is pulled down, excitation will be decreased 
thereby. This decreases the synchronizing power and 
makes it less likely that the machines will restore t hem¬ 
selves to synchronism. If voltage regulators are pro¬ 
vided they will increase the excitation somewhat. 

System C. There will be no interaction between 
exciters. If speed is pulled down by overload on 
generators still in step, excitation wil'l be decreased 
with consequent less likelihood of the machines ever 
falling in step. Voltage regulators would tend to 
offset the effect of reduced speed. If bus voltage is 
not reduced voltage regulators will pump due to 90 
deg. current coil. 

System D. Unaffected. If bus voltage is not re¬ 
duced voltage regulators will pump due to 90 dog 
current coil. 

General. With separately driven exciters of either 
the central or individual system there is more chance 
of the generators coming back into step than t here is 
with the direct-connected exciters of either the cent nil 
or individual systems as the better the excitation the 
more will be the synchronizing power between machines 
Induced currents from generator fields will flow in the 
exciter circuits. Their effects will not ordinarily he 
of consequence. Systems D and A are preferable to 
Systems B and 0. 
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(d) Automatic or Manual Opening of Fields to Clear 
Line Trouble. 

Each of the excitation systems will behave practic¬ 
ally the same on this operation. The direct-connected 
systems have the disadvantage that the speed may in 
certain cases be low and when the field breakers are 
closed there is not as much synchronizing power in 
the machines as in the separately driven systems where 
the excitation has not been affected by the generator 
speeds. 

(e) Splitting of Station. 

This may occur intentionally, accidentally or auto¬ 
matically during trouble. Inasmuch as the potential 
and current to the regulator is likely to be forgotten 
during this operation, it is possible that voltage regu¬ 
lating difficulties may be caused thereby. 

Systems A and B. If potential is taken from one 
set of generators and current for line drop compensa¬ 
tion from the other the bus voltages of both sets of 
generators will fluctuate by an amount equal to twice 
the line drop compensation. This does not apply in 
System B if individual regulators are used on each 
generator. 

Systems C and D. Unaffected if each generator has 
its own regulator with potential from its own potential 
transformers. Same as System A if only one regulator 
is used. 

(f) Accidental Shut-down of Generator Having a Direct- 
Connected Exciter Feeding other Fields. 

Systems A and D. Unaffected. 

System B. Will affect operation to the extent that 
the exciter was depended on to supply excitation to 
other machines unless there is spare capacity. 

System C. Will result in the loss of excitation to one 
of the generators in service. This generator may or 
may not fall out of step depending on the synchronizing 
power and its load. If the size of the generator is 
small m comparison with the size of the system no 
harm will be done to service. 
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8. Effect of Exciter System Troubles 
(a) Ice and Trash Trouble. 

Systems A and D. Ice trouble is likely to effect 
waterwheel-driven exciters by cake ice, anchor ice or 
frazil accumulating on screens, in the turbines them¬ 
selves or in exciter penstocks. It is important that 
the necessary precautions in the design and operation 
be taken to prevent interruption of exciter service by 
ice trouble. In a well designed layout and where 
facilities are provided for the prevention of ice trouble 
it should not be a serious hazard. Where there is any 
possibility of ice trouble, motor-driven exciters capable 
of taking care of all or a part of the excitation, depend¬ 
ing upon how serious the trouble is likely to be and on 
the importance of the service, should be provided. 
An alternative is to equip the turbine-driven exciters 
with motors on the same shaft. In System D emer¬ 
gency service can be obtained from the main bus 
through transformers. 

The effect of trash accumulating on screens is the 
same as ice trouble and the same considerations hold. 

Systems C and I). Unaffected. 

(b) Short-Circuited Exciters. 

Systems A and li. The reverse-current relay on the 
damaged exciter will function. This will result in a 
disturbance to service depending upon t he amount of 
load the exciter was carrying and the ability of the 
remaining exciters to pick up this load. If a storage 
battery is floating on the bus no serious disturbance 
will occur. Tf the short-circuited exciter happens to 
be the only one running, a total interruption will result. 
The exciter itself may be permanently damaged. If 
the reverse-current relay does not, clear the exciter, 
the effect will be the same as a short circuit, on the 
exciter bus. In addition if the short-circuited exciter 
is compound-wound reversal of its polarity may occur 
even if promptly cleared. 

Systems ( and I). If the size of the system as com¬ 
pared with the size of the generator is such that the 
bus voltage will not be materially reduced by t he loss 
of excitation on one of the generators, no serious dis¬ 
turbance to service will result. If the generator is a 
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considerable part of the system capacity and is heavily 
loaded the machine will fall out of step and thereby 
cause a more serious disturbance to service until the 
generator is cleared. 

If a battery is automatically cut in, the generator 
will not fall out of step if the automatic equipment 
operates correctly and promptly. 

(c) Short Circuit on Exciter Bus. 

Systems A and B. If the short circuit is only mo¬ 
mentary and clears itself, operation will be affected 
only by a slight disturbance to voltage. If the short 
circuit does not clear a total interruption to service 
will occur. Exciters not. ordinarily being equipped 
with overload protection, the short circuit wilt have 
to be cleared manually. The damage to the bus may 
be such as to interfere with restoration of service on 
some parts of the house. I f t he bat (cry feeds inf o t he 
short circuit without overload protection, the battery 
plates will be badly distorted. The tendency will be 
on a large excitation system, especially if a but tery is 
floating on the bus, for the short; circuit to burn itself 
clear. A permanent bus short circuit is the most 
serious trouble that has to be contended with in the 
central system of excitation. Partial protection is 
obtained by operating the system in two parts. For¬ 
tunately this is a trouble that does not. happen often 
especially il due care has boon given to the location of 
buses and their mechanical protection. 

System ( Unaffected. 

System I). Unaffected as far as the d-e. side of the 
exciter is concerned. Considering the a-c. excitation 
bus the effects .will be the same as in System A. 

(d) Accidental Shut-down of Exciter by Mistakes or by 

Accidental Operation of lleadyates , Cover nor, Throttle 

or interruption of Motor Drive. 

System A. The exciter will continue to operate 
as a motor. Serious disturbance to service will result 
unless the load which the exciter had been carrying 
can be picked up by other exciters operating in parallel 
or by. a battery. If only one exciter was running, 
total interruption results. Reverse-current relay will 
cut out exciter if set low enough to do so. 
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System B. Same as System A if a generator whose 
exciter is needed for other fields is shut down. The 
exciter becomes a short circuit on the bus unless the 
reverse-current relay functions. 

System C. Operation is not affected unless the 
exciter happens to be feeding another generator. 

System D. The generator will fall out of step if it 
is large in comparison with the size of the system 
or if heavily loaded and will remain in step if small in 
comparison to the size of the system, causing little 
disturbance to service. A reversal of the exciter may 
be caused but this is of no consequence as long as the 
exciter operates individually. 

If the turbine feeding one of the a-c. exciter gener¬ 
ators shuts down the effect will be very similar to loss 
of one of the exciters in System A. if only one a-c. 
exciter is running the result will be a total interruption, 
if two a-c. exciters are running or if the a-c. exciter 
bus is in parallel through transformers with the main 
power bus, no interference with operation will result, 
(e) Open Circuit in Exciter Field. 

Systems A and li. The exciter will cease to generate 
and the disturbance to service will depend upon the 
ability of the other exciters or battery to pick up the 
load. If the reverse-current relay does not, function 
the effect is that of a short circuit on the exciter bus 
and the exciter will he badly damaged. If the exciter 
is compound-wound its polarity is likely to be reversed. 

If the exciter is the only one running a total 
interruption results. 

.Systems ( and lK The excitation of only one unit 
will be affected and the effects will be the same as 
loss of excitation on one unit from any other cause. 

If battery is provided the defective exciter may be 
automatically cut out and the field automatically put 
on the battery. There is no danger of the exciter being 
damaged by back-feed from other exciters. 

(fj Opening of Exciter Circuit Breaker Resulting in 

High Voltage. 

. hyvlonx A and B. If only one exciter is running and 
its circuit breaker is accidentally opened, the inductive 
action of the generator fields will cause high voltage on 
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the excitation bus and on all circuits connected to it. 
If auxiliaries are operating from the bus their fuses or 
circuit breakers will be blown. Puncture of insulation 
and short circuits may result. Ground detectors will 
be burned out. This trouble constitutes one of the 
principal objections to using exciter buses as a source 
of power for control or auxiliary circuits. 

Systems C and D. No high voltage can occur unless 
a circuit breaker without discharge resistance has 
been inserted in the circuit. 

(g) Regulator Troubles. Among the common reg¬ 
ulator troubles are open a-c. coil circuit, open d-c. 
coil circuit, contacts freezing, regulator switching 
mistakes, current for voltage drop compensation taken 
from wrong circuit or interrupted. 

In the central systems A and B where it is customary 
to provide only one regulator, regulator troubles will 
naturally affect the entire excitation system. 

In the individual systems C and D where it is cus¬ 
tomary to provide each unit with a regulator, the 
trouble will be isolated to one unit and will not be of 
any great consequence to the operation if several 
machines are operating in parallel. 

Whenever a voltage-regulating booster is used, the 
effect is not likely to be serious because the worst 
that can happen is that the booster voltage will be 
lost. If the booster voltage is maintained at about 
zero, bus voltage will not be affected. 

9. Simplicity 

From the standpoint of physical simplicity if the 
number of units is small System C is the simplest in 
that it has no special prime movers, governors, steam 
piping, penstocks, headgates, screens, etc. in that the 
volume of substructure and building occupied by 
excitation equipment is small and also in that ordi¬ 
narily the system has no rheostats. If the number of 
units in the station is large, System C is complicated 
by the addition of so many more exciter units with 
their regulators. System B is not more complicated 
than System C when the latter uses a bus and generator 
field rheostats. System A can be almost as simple as 
System C, or considerably more complicated depending 
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on the amount of equipment installed. If only two 
exciters are used and if these are steam-driven, it com¬ 
pares very favorably with System C for physical 
simplicity. If the exciters are waterwheel-driven, 
turbines, penstocks, governors with auxiliaries, head- 
gates, screens, etc. add to the amount of equipment. 
If a motor-driven exciter and battery are added System 
A becomes more complicated than System 0 except for 
a large number of generators. System I ) is physically 
the most complicated. 

From the operating standpoint, considering both 
normal and trouble operation, System A for a small 
station is the simplest provided the exciters are not, 
compound-wound. If steam-driven exciters are used 
the complications of heat balance are introduced. If 
System A has more than two or three exciters, some of 
them motor-driven, it becomes more complicated 
with respect, to normal operation than System 
With respect to operation during power system t rouble 
System A is simpler than System especially if only 
prime mover-driven exciters are used or if a battery is 
provided. System I» is more complicated from the 
operating standpoint than either Systems A or (’. 
System D is the simplest of all to handle during power 
system trouble but for normal operation is not as 
simple as the other systems on account, of the many 
operations involved in starting and stopping. 

It should be noted that the simplest system funda¬ 
mentally can be made the most complicated by at¬ 
tempts to make it. too flexible, by the addition of an 
undue amount of remote control and automat ic feat ures 
or by awkward location of various parts of the system 
such as putting switches at points which are not easily 
accessible to the operators. Voltage regulat ing equip¬ 
ment introduces some complication especially if this 
equipment is of an unusual or special nature or if a 
large number of regulators are needed, 

10. Reliability 

Under the heading of reliability are usually discussed 
the various operating characteristics of the systems 
as outlined above. The topic in this discussion is 
intended to cover merely the inherent reliability of the 
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equipment itself. From this standpoint reliability 
does not become an important factor in determining 
the system of excitation for the reason that any of the 
systems properly designed and laid out in accordance 
with good practise are very reliable. Many more 
troubles will be caused by the operating character¬ 
istics than by the breakdown of excitation equipment. 
The number of breakdowns however will be propor¬ 
tional to the number of units in use. For instance, 
a station having ten small exciters will roughly speak¬ 
ing have five times as much trouble as a station having 
two large exciters. Remote control, automatic pro¬ 
tective devices and regulators introduce an element of 
unreliability, which is far greater than that of the 
apparatus proper. This is especially so if such equip¬ 
ment is used in a station where operating and main¬ 
tenance attendants are not sufficiently skilled. 

PART II. 

CONSIDERATION OF MATTERS RELATED TO 
THE LAYOUT OF AN EXCITATION SYSTEM 
BUT NOT MAINLY CONCERNED IN THE 
CHOICE OF SYSTEM 

1. Number and Size of Exciters 

The exciter capacity must be capable of exciting the 
entire station under rated load and power factor con¬ 
ditions on the generators. If auxiliaries are to be 
supplied from exciters this must be taken into account. 
Provision must also be made for rheostat losses. In 
every case the number and size of exciters should be 
such that the largest exciter can be taken out of ser¬ 
vice at any time without interfering with the operation 
of the station. In a few large important stations it 
may be advisable to provide for a second exciter being 
out of service. 

The ultimate as well as the immediate exciter require¬ 
ments should be kept in mind in laying out the equip¬ 
ment. The present exciter equipment should as far 
as possible be such that it can be used to best advantage 
in the ultimate layout. This may warrant sub¬ 
structure, hydraulic equipment, piping and even 
exciter sizes larger than at present needed. 
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System A. A minimum of two exciters, each capable 
of carrying the entire load, is necessary for a small or 
moderate size station. The probable maximum re¬ 
quirement for such stations is three exciters any two 
of which are capable of carrying the entire load. An 
overload rating on the exciters may permit shutdown 
of a second exciter for a larger part of a day than 
otherwise. 

For the large station three exciters, any two of which 
can carry the entire load, with possibly overload 
ratings will be sufficient for most cases. Where the 
plant is solely depended on for important service, four 
exciters, any three of which can carry the entire load, 
is advisable. If in addition the service is at high load 
factor any two of the four exciters should be able to 
handle the entire load. 

In the case of a certain projected large important 
hydro plant where there is a slight possibility of ice 
and trash trouble, four exciters are contemplated, 
two of them turbine-driven and two of them motor- 
driven, any two of the exciters being sufficient to carry 
the entire plant. 

In the case of the steam-driven exciter, additional 
capacity may be provided for emergencies by making 
the exciter larger than normally required and design¬ 
ing the turbine for best economy at normal load with 
an overload valve for developing the maximum rating 
of the exciter. 


It is sometimes stated that investment in idle spare 
exciter capacity decreases with the increase in the 
number of exciters. This is true for the exciter gener¬ 
ator alone but is questionable if the total cost of the 
equipment, including prime mover or motor, switching 
equipment, steam piping or hydraulic works, sub¬ 
structure and building, etc., is considered. In any 
event this point does not in itself justify the use of 
more than three exciters in System A. 

Where a booster is used for voltage regulating pur- 
poses with this system, the current-carrying capacity 
of the booster must be equal to the total excitation 
requirement. The voltage rating of the booster 
depends upon the required range of voltage regulation. 
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One booster is sufficient provided that hand regulation 
of voltage is satisfactory during times that the booster 
is out of service. A second booster can be added at 
a later date if the station is extended. 

System B. Usually this system has one exciter on 
each unit of a size sufficient to supply the excitation 
for that particular unit. 

In some cases the exciters can be reduced in numbers 
and made correspondingly larger. If exciters are not 
placed on all of the units a small or unimportant 
station should be provided with at least three exciters, 
any two of which should be large enough to carry the 
entire load. For a larger station with more units 
and of greater importance not less than four or five 
exciters should be provided. This system requires 
more exciter units than System A for the same class 
of service for the reason that there is more likelihood 
of the exciters being out of service on account of 
turbine or generator repairs. 

With an exciter on each unit the spare capacity can 
be supplied by making the exciters larger than would 
otherwise be required. For a station with a small 
number of units the exciters should be double size. 
For a larger number of units the exciters need not be 
double size to provide the same amount of spare. 

If the exciters are not oversized a separate motor- 
driven spare must be provided. Its size is determined 
by the size of the largest exciter. If insurance against 
the loss of a second exciter is desired, two spare motor 
generator sets or one spare sufficiently large to handle 
two units must be provided. Only in a large and 
important station with more than three or four units 
would it be necessary to provide for the breakdown of 
more than one exciter. 

System C . Each exciter must be of a size sufficient 
to excite the field of its own unit. It is necessary to 
provide at least one spare motor-driven exciter capable 
of exciting the largest unit, with necessary switching 
facilities. If insurance against the loss of a second 
exciter is desired, two spare motor-generator sets or 
one spare made sufficiently large to handle two units 
must be provided. Only in a large and important 
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station with more than three or four units would it be 
necessary to provide for the breakdown of more than 
one exciter. The reason that motor-driven spare is 
recommended is that it is idle most of the time, repre¬ 
sents a smaller investment than a prime mover-driven 
set and satisfies operating considerations. 

For a station containing only a small number of 
units the spare capacity may be supplied by making 
the direct-connected exciters large enough to excite 
two units. 

System D. System I) requires that each generator 
have'its own exciter and it is not customary to make 
this exciter larger than what is required for one field. 
At least one spare exciter capable of exciting the 
largest unit with a bus running the length-of the station 
so that any field can be connected to it should be pro¬ 
vided. If the number of units is large or the service 
important, two spare sets should be provided. In 
one of the stations using this system at the present 
time no spare has been provided and whenever it is 
necessary to shut down an exciter the entire unit has 
to be shut down. 

With regard to the a-c. exciters at least two, either 
of which can carry the entire load, must be provided. 
Both should be prime mover-driven. If provision for 
getting a-c. excitation power from the main buses is 
provided, not more than two a-c. exciters are needed. 
Transformer connection between the a-c. exciter bus 
and the main station bus large enough to carry the 
entire exciter load is advisable. There is no particular 
objection to putting all of this capacity in one bank 
of transformers but it is preferable to divide it up into 
at least, two banks. 

2 . Kind of Drive 

Referring now only to System A, if two exciters arc 
provided they should both be prime mover-driven. 
In hydro plant s if these exciters are likely to be subject 
to interrupt ion due to ice or trash, motor drive must be 
provided. The motors may be mounted on the same 
shaft, as the turbines or a third or fourth motor-driven 
exciter may be provided. In the steam plant it may be 
desirable to equip the steam-driven exciters with 
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motors also for the purpose of regulating heat balance. 
The governors should be set so as to maintain exciter 
speed in event of failure of the motors. 

If three or four exciters are provided at least two of 
them must be prime mover-driven. There is no ob¬ 
jection to a third exciter being prime mover-driven 
except in a hydro plant subject to trash or ice and in 
a steam plant where heat balance may be affected. 
In most plants the best arrangement will probably be 
to have two of the exciters prime mover-driven and 
the third or fourth motor-driven. 

For motor-driven exciters the induction motor is 
satisfactory and preferable in almost every case. 
The induction motor will ride through most any kind 
of a disturbance on the main power system even 
though the voltage may remain low for a considerable 
length of time. Generally speaking, synchronous 
motors are more likely to fall out of step during main 
system troubles and having a direct-current field 
requires one additional operation on the part of the 
operator when starting. Where the normal voltage 
may fluctuate as much as twenty to thirty per cent 
due to line drop compensation, it may be preferable 
to install the synchronous motor drive because of 
being unaffected by variation in supply voltage. 

In favor of the synchronous motor it may be said 
that it is possible to speeify a synchronous motor 
specially designed so that it may be almost the equal 
of the induction motor in stability during power system 
trouble. The starting of the synchronous motor 
need be no more difficult than that of the induction 
motor except for the fact that the d-c. field has to be 
attended to. If a synchronous motor is used it is 
advisable to provide a double throw switch for the 
motor field so that it can be connected to either the 
exciter end of the set or to the exciter bus. The 
synchronous motor has the disadvantage of having 
slip rings which will require maintenance attention. 

Combination motor and turbine drive, either hy¬ 
draulic or steam, is in successful use and offers a very 
good way of making a system having two exciters 
independent of either prime mover trouble or power 
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system trouble. Without the installation of any 
automatic equipment not ordinarily used, this system 
functions practically automatically. If the exciters 
are being driven by the motors, loss of voltage with 
resultant reduction of speed permits the prime mover 
governors to function and transfers the drive to the 
prime mover. When voltage is restored to the motors 
the increased speed automatically cuts out the prime 
movers. The exciters may be driven from the prime 
movers at such a speed that the motors while still 
connected to the supply volt'age take no power un less 
the prime movers fail. This is an excellent system for 
a plant subject to ice or trash or where manipulation 
of heat balance with steam-driven exciters is desired. 

For the purpose of driving voltage-regulating boos¬ 
ters frequently used in connection with System A, 
direct-current motors fed from the exciter bus should 
be used. The booster should not be induction motor- 
driven from the main power bus. If this is done the 
operation of the booster will be complicated by power 
system troubles. If the motor loses its voltage the 
set will slow down, come to rest, start up in the op¬ 
posite direction and run away. This involves the 
attention of the operator at a time when he is busy 
with power system trouble. The booster should there¬ 
fore be driven independent of the main power system. 

3. Shunt or Compound-Wound Exciters 

Wherever it is necessary that exciters be operated in 
parallel it is recommended that shunt-wound exciters 
be used, especially if the exciters are to be controlled 
by voltage regulators. 

The instances of compound-wound exciters causing 
trouble are so many that in spite of all the explanations 
of causes that may. be given, it is difficult to convince 
an operating man that has been through any of these 
experiences that compound-wound exciters should 
ever be used where the exciters are operated in parallel. 

If the saturation curves and voltage characteristics 
o the exciters being operated in parallel are identical, 
and if the equalizer conditions are perfect there is no 
difficulty. However, regardless of the care which may 
be taken m obtaining these conditions when the ex- 
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citers are installed, there are disturbing influences 
which may occur later to interfere with the perfect 
conditions. For instance, equalizer switches may 
develop high contact resistance. Equalizer connections 
may be taken down and carelessly reconnected. 
Saturation curves of exciters may be changed by putting 
shims under field poles or by taking them out on 
account of some commutation trouble, the effect on 
parallel operation being forgotten. The speed of an 
exciter may be changed from that at which it was 
intended to be operated. This may be due to careless¬ 
ness of attendants in not having machines operating 
at correct speed, or it may be due to some trouble in 
the turbine such as ice, or may occur from power system 
troubles in the case of motor-driven or direct-connected 
exciters. All of these conditions tend to change the 
shape of the saturation curves and if operating under 
the influence of a voltage regulator, reversal is likely 
to be caused. The compound-wound exciter is also 
subject to reversal due to internal short circuits. Loss 
of exciter shunt field may also cause reversal of com¬ 
pound-wound exciters. If the driving power of a 
compound exciter is lost the tendency will be-for the 
exciter to speed up and draw a heavy current and it 
may even run away if not prevented from doing so 
by reverse-current relay or over-speed trip. 

It is therefore recommended that only shunt-wound 
exciters be used where exciters are to be operated in 
parallel and that wherever compound-wound exciters 
are at present so used especially in connection with 
voltage regulators, that steps be taken to remove the 
series windings if the characteristics of the machines 
permit. The series windings should be cut out of the 
circuit but not short-circuited. A short-circuited 
series winding causes sluggish regulator action. Where 
exciters are to be used individually with voltage regu¬ 
lators, there is no objection to the series winding. 
The series winding is then an advantage from the 
standpoint of voltage regulation. 

Shunt-wound exciters also are subject to reversal 
from induced voltages in generator fields, regardless of 
whether they are operated in parallel or not. The 
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induced voltage may be caused by a short circuit on 
the generator or by sudden reduction of its field current. 
These two causes may work simultaneously in direct- 
connected exciters. Sudden reduction of field current 
may be caused by sudden reduction of exciter speed, 
by rapidly cutting in a generator field rheostat with 
too large steps, or by rapid reduction of exciter field 
current when operating on the steep part of the exciter 
saturation curve. If the resultant induced voltage 
in the generator field exceeds the exciter voltage, 
reversal will occur. The greater the resistance in the 
field circuit the less is the likelihood of reversal. 

4. Voltage 

One hundred twenty-five volts is satisfactory for 
small plants but for moderate size and large plants, 
250 volts is preferable from the standpoint of reduced 
cost and size of apparatus and cables. Where station 
lighting is at 250 volts a-c. the exciter bus can be used 
for emergency lighting service if it is at 250 volts. 

It is suggested that for large stations consideration 
may be given to higher voltages than those at present 
in use, possibly 500 or 550 volts. Safety to men is 
the most important point to be taken care of should 
such a change be made. In stations where it is at 
present the practise to run station auxiliaries at 440 
volts a-c. or 2300 volts a-c. there seems to be no reason 
why the higher voltage cannot be extended to the 
excitation system as far as safety is concerned. There 
may be some question as to the reliability of higher. 
voltage on commutators and slip rings but comparison 
with 550-volt railway apparatus should answer these 
questions. 

5. Bus Arrangements 

Bus connections and exciter and field connections 
should be made as simple as possible consistent with 
the required degree of flexibility. If complete flexi¬ 
bility is attempted it is almost certain to result in bus 
connections which are too complicated to be easily 
operated and which will be the cause of operating mis¬ 
takes. A bus arrangement which permits of the ex¬ 
citers being paralleled by any more than one set of 
switches is likely to be dangerous. 
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System A . In the majority of stations where this 
system is used it will be sufficient to provide a single 
bus which can be split in the middle between two 
exciters. If three exciters are used two sets of section- 
alizing switches may be installed, one on either side 
of the middle exciter which should be the motor-driven 
one. In a larger and more important station two 
buses should be used. A common negative bus with 
two positive buses will even then be sufficient in many 
cases although two negative buses as well as two 
positive buses make it possible to take care of repairs 
on the buses better. 

Where a double bus arrangement is used it should 
be possible to put any exciter, any field and any auxiliary 
circuit on either bus. A double bus is an advantage 
particularly where generators may have to be operated 
at abnormally low field currents such as when dry¬ 
ing out armatures or in making special tests which 
require low voltage. It will also be of assistance for 
battery charging purposes if special facilities are 
provided for this purpose. Switches should be pro¬ 
vided for tying the buses together. The use of a 
double bus makes it possible to use exciters which have 
been reversed without taking the time to rectify the 
polarity. Before anything more complicated than 
the double bus arrangement is used, serious consider¬ 
ation should be given to the likelihood of any such 
arrangement being the cause of operating mistakes. 

System B, Same as System A. If each generator 
is equipped with an exciter it may give additional 
flexibility to provide connections for throwing the 
exciter on its own field alone. A single bus will then 
probably be sufficient. 

System C . It is commonly stated that in this 
system no bus is necessary. However if provision is 
to be made for breakdown of exciters and for the use 
of a spare exciter or a battery, it is necessary that a 
bus be provided although it may not be as heavy a bus 
as in System A. A second bus for this purpose in 
most stations is not necessary. With a bus the only 
difference between System B and System C is in the 

position in which the exciter switches are thrown. In 
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either case it probably will be wise for the exciter 
switches to be double throw so that the exciter can be 
connected directly to its own field or to the bus. 

System D. On the d-c. side the connections should 
be the same as for System C, On the a-c. side the 
same considerations hold as in the case of System A, 
a double bus being very desirable. 

6. Protection 

The minimum amount of automatic protective 
equipment consistent with safety to service and appar¬ 
atus should be installed. The class of attendance 
which the apparatus is to receive should be kept in 
mind if unusual or complicated devices are contem¬ 
plated. Such equipment cannot be kept in operating 
condition without skilled operating and maintenance 
attendance and added maintenance cost. 

Generator field breakers are always non-automatic 
unless some kind of field-destroying device is used. 

Reverse-current relays should be used on exciters 
which are to operate in parallel with other exciters or 
with a battery, but no overload relays should be used. 
Reverse-current relays for this service are generally 
not very reliable, but as there is no adequate sub¬ 
stitute it is necessary to install them. Low-voltage 
release on circuit breakers is not considered advisable. 

It is recommended that all exciter equipment which 
is likely to run away, particularly motor-generator 
sets, be provided with speed-limit devices independent 
of any protection which might be expected from re¬ 
verse-current relays. 

Where there is a possibility of high voltage induced 
from generator fields causing serious trouble, electro¬ 
lytic arresters should be installed on the bus or on the 
fields leads. 

Ground detectors in the form of lamps should be 
installed on the bus, or on each exciter where isolated, 
with the lamps in such a position as to be always 
visible by attendants. 

Where the main generators are protected by relays 
they should be connected to also trip the field breaker. 

System A. Exciters should have reverse current but 
no overload protection. It is an advantage to set the 
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reverse-current relays above the current required for 
simple motoring of the exciter. This eliminates the 
time required for reparalleling in case driving torque 
is momentarily lost. 

Motor-driven exciters should be protected by over¬ 
load relays on the motor side. Th'e relay setting with 
regard to both current and time should be such that 
it will trip out only in case of a short circuit in the 
motor or on the leads to the motor. The overload 
setting should not interfere with the exciter motor 
pulling back into step after voltage has been com¬ 
pletely interrupted and the motor has come almost to 
stand still, assuming that the motor will stand such 
treatment. The current transformers should be made 
- sufficiently large and strong to stand the maximum 
possible short-circuit current without blowing apart. 
This will probably involve high ratio current trans¬ 
formers which will be unsuitable for metering purposes. 
Separate low ratio transformers may have to be pro¬ 
vided for metering. 

Battery circuit breakers should be non-automatic. 

A voltage regulating booster used in connection 
with System A should have overspeed and reverse 
rotation devices tripping d-c. short circuiting breaker, 
booster field and motor oil switch. The booster 
positive, negative and short-circuiting knife switches 
should be equipped with contactors which will close 
the booster short-circuiting breakers, etc. in case the 
knife switches are operated in the wrong sequence. 

The booster motor, assuming it to be direct current 
driven from the exciter bus, should have an over-load 
trip on its circuit breaker. If the booster is alternating 
current motor-driven, its overload relays should trip 
only in case of short circuit and not interfere wdth the 
motor pulling in after a-c. system trouble. 

System B. Same as System A. 

In the hydroelectric station particularly, the ad¬ 
visability of installing over-voltage relays or over-speed 
relays to cut down the exciter voltage in case of run¬ 
away, should be considered. They should not how¬ 
ever be installed unless really necessary as they add 
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complication and will be a source of some trouble in 
themselves. 

System C. Ordinarily this system will have no 
automatic circuit breakers. The protection for motor- 
driven spares can be the same as mentioned for System 
A. 

The use of over-voltage or over-speed relays to reduce 
exciter voltage in ease of runaway should be con¬ 
sidered but avoided if possible. 

In certain installations where it is desired to have a 
battery automatically pick up a field in case of failure 
of one of the direct-connected exciters, special equip¬ 
ment consisting of a reverse-current relay, on the ex¬ 
citer, a low-voltage relay, an over-load relay in the field 
and other auxiliary relays is necessary. This scheme 
involves complications Which are not recommended 
in a station not prepared to properly maintain such 
equipment. It further introduces the possibility 
of induced voltages in the generator field cutting out 
the exciter and cutting in the battery. This might occur 
simultaneously on all generators. 

System D. All d-c. circuit breakers are ordinarily 
non-automatic. 

If overload relays are used on the individual exciter 
motors, a-c. exciters or emergency transformers they 
should be set to open for short-circuit conditions 
only and not so as to interfere with induction motors 
pulling back into step. It may be advisable to pro¬ 
vide reverse-current relays on the emergency trans¬ 
formers to protect the exciter system in case of trouble 
on the main system. Any series transformers in the 
high-voltage leads of the emergency transformers 
must be strong enough to withstand maximum pos¬ 
sible short-circuit current. 
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Discussion on “Considerations which Determine 
the Selection and General Design of an Ex¬ 
citer System”,((Barron and Bauhan), White 
Sulphur Springs, W. Va., July 2, 1920. 

Roy C. Muir: The system described under “D”, 
which involves separate a-c. auxiliary generators, solves 
the problem of excitation and auxiliary power at the 
same time. Although auxiliary power is not properly 
a part of the paper under discussion, it is so important 
particularly in hydroelectric stations, that any exci¬ 
tation system which provides a reliable source for aux¬ 
iliary power should be given preference. There has 
been no other adequate solution of this problem, par¬ 
ticularly in starting up the station the first time or in 
emergencies-, as it is necessary to start up the governor 
pumps first and this requires a source of power other 
than the main generating units. 

In considering the cost of the excitation system, 
therefore, it should be borne in mind that the separate 
a-c. auxiliary generators also take care of the cost or 
part of the cost of the auxiliary power system and the 
difference in the combined cost of excitation and auxili¬ 
ary power systems by this method and the other method 
described is not so large as it would appear. 
i Summerhayes states in his paper (beginning page 
1575), that th.6 separate a-c. auxiliary generators were 
most useful in the case of large stations with low-speed 
generators. The reason for this is that large low-speed 
generators require a large amount of excitation and unless 
the excitation required is sufficient to permit of auxiliary 
excitation units large enough to give satisfactory hy¬ 
draulic ? system would not be considered, 

the hydraulic unit in order to be reliable, must be 
large enough to pass the ordinary rubbish and ice with¬ 
out blocking it up. The cost of direct-connected ex¬ 
citers on large low-speed units is so high that the cost 
of separate auxiliary generators and high-speed motor 
driven exciters compares quite favorably. 

There is one point which relates to excitation I wish 
to bring out m connection with Mr. Schuchardt’s and 
\t'- 7- nme ^ z P a P ers which were presented yesterday. 
.Nothing was said in that discussion regarding the effect 
of S5? excitation system. I believe the Common¬ 
wealth Edison Company do not use automatic voltage 
regulators. The best way to consider the excitation 
of a system, of this sort is that the system requires a 
definite excitation for any definite load, assuming a 
constant voltage. In the case of hand regulation if 
some sudden load comes on the station, there must be a 
considerable voltage drop and there is no provision 
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made to take care of it automatically. During the 
normal changes of load the adjustment can be made by 
hand. During this 15 minutes of shut down and low 
voltage, which has been described, we do not know 
what the operators were doing, whether they were 
trying to adjust the voltage in various stations_ by 
hand and whether that had any effect on the hunting. 
If they had had automatic voltage regulators, which 
would tend to hold the voltage up during the trouble, 
would the effect have been different? 

W. F. Sims: In connection with this paper a state¬ 
ment regarding the development of the excitation sys¬ 
tem of the Commonwealth Edison Company, extend¬ 
ing over a period of years, may be of interest. 

1902, when the Fisk Street station was first laid out 
it was planned to have the excitation from individual 
separate exciters, and the first three units were op¬ 
erated that way, with a separate bus with a battery and 
a throw-over switch to be used in case of emergency. 
The original exciters were compound wound, but owing 
to the difficulty found in connection with battery 
charging, the series fields were removed and the ex¬ 
citers operated as shunt machines. 

As the station was extended, it was found desirable to 
operate from a common exciter bus, with separate ex¬ 
citers, some steam driven and some motor driven, and 
at present time in the Fisk Street station the ten ver¬ 
tical units are fed from two sections of exciter bus. 

The main bus is being operated in two sections, and 
each section of the exciter bus has three sources of 
supply,—some of the exciters being driven by prime 
movers, other motor driven from “A” section and the 
remainder motor driven from “B” section. 

Separate exciters were used at the Quarry Street 
station, and also for the first two units in the North¬ 
west station^ but with the advent of the horizontal 
machines, with their direct-connected exciters, the 
company came to the conclusion that entire dependence 
could be placed on the reliability of shaft-driven ex¬ 
citers, and this system of direct-connected exciters has 
been adopted for all horizontal units, with a reserve in 
each station of one motor-driven exciter on a common 
bus, with provision for hand throw-over from any ma¬ 
chine in case of emergency. 

Provision has also been made for throw-over con¬ 
nections in the control circuit, so that once one of 
these machines is thrown to the reserve exciter, the 
operator uses the same control switches that he did 
when operating on the shaft-driven exciter, and we feel 
that the method answers all purposes in a large central 
station system. 
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E. G. Merrick: The aim in designing an excitation 
system is to obtain the greatest simplicity commensurate 
with reliability of service. This term reliability refers 
not only to emergency periods, but also to normal op¬ 
eration. Emergency cases are very rare, and, while 
they must be provided for, it must be borne in mind 
that the provisions made, must not be carried to excess 
otherwise normal operation becomes more difficult and 
• therefore subject to more delays than those we are 
endeavoring to avoid. 

It is difficult to make a tabulation which will cover 
the case completely. .We should really have several 
tabulations similar to that given, one for large stations, 
one for small stations, and even for hydroelectric and 
steam stations separately. 

I think that most of us will agree in general with the 
tabulation given on a theoretical basis. When we con¬ 
sider the matter practically, however, some of the state¬ 
ments made may be open to question. In the case of 
_ System C with individual exciters, the operation was 
considered “bad”. Now, in practical operation it has 
not_ been found so, and the decision of the Southern 
California Company to operate the new Big Creek 
Power House No. 8 in this manner—as mentioned by 
Messrs. Cox and Michner—supports this statement. 

The System “D” was considered “complicated". 
This has been used in the large plant at Keokuk and 
also at Cedar Rapids and is handled so easily and with 
so few operators that, from a practical viewpoint, it 
does not strike one as complicated. 

System “C” with individual voltage regulators was 
also considered “complicated.” As a matter of fact, 
if a regulator controls a number of exciters, it usually 
requires more attention than several regulators con¬ 
trolling individual machines. Another point, which is 
not often considered, is that synchronizing is very con¬ 
siderably simplified. The operator does not have to 
regulate the voltage and his entire attention can be 
given to the synchroscope. 

There was a statement in Mr. Ross’ paper that they 
had not used steam turbine and motor driven exciters 
because they found it impossible to obtain satisfactory 
exciters of larger capacity than 100 kw. I do not quite 
understand the statement, because there are man y 
large turbine sets, such as those at Windsor, with 150 
kw. exciters at 1800 revolutions, which are operating in 
a perfectly satisfactory manner. 

William F. Dawson: I was rather surprised to find 
the general feeling that automatic regulators were un¬ 
desirable or had been left out of service after having 


1920 ] 


DISCUSSION 


1555 


been installed. I can readily see, on a large central 
power plant how that could be, the enormous size of the 
system as compared with the fluctuations of the load 
would justify it, but we must not forget that there 
are also a great many steam driven units being operated 
in factories, and on other loads that cannot be regarded as 
central power stations with very large fluctuations of 
the load. There are considerable fluctuations on the 
load, and there is no question in such cases but what 
there is a distinct advantage in the automatic reg ula tor 
and, where a single machine is operating on the load it 
may even be that the machine can be overloaded and 
“break down” or lose its voltage, and that throws the 
motors out, when hand operation is used, whereas, the 
automatic regulator is so quick acting that 30 or 35 
per cent greater load can be obtained before the break¬ 
down comes. 

The general feeling seems to be towards shunt-wound 
exciters. Every designer of exciters will welcome 
the suggestion, particularly in respect to direct-con¬ 
nected exciters for small steam turbines. The machin es 
are high speed and small, and space for all of these 
series connections is also small, it is often a very difficult 
task, to put in the extra windings. If you can get along 
with shunt-wound exciters in such cases, the manu¬ 
facturer will be happy. 

Another thing is with the small high-speed direct- 
connected exciters and compound winding, it is quite a 
difficult matter to make them run in parallel. The 
users are attempting to put them in parallel without 
realizing some of the technical details, and they usually 
have to appeal to the factory. Steadying resistances 
have to be put in so as to get equal drop between the 
equalized side of the machine and the switchboard, 
through the series fields. It is complicated and expen¬ 
sive, and I do not see what particular use it is to you. 

Just a little suggestion I have to offer is that any 
commutating pole machine will be very much inclined 
to “hog” the load, even though it is shunt wound, if one 
attempts to connect it in parallel, while the brushes are 
back of the neutral. The best place for these brushes, 
if the designer has done his work right, and the adjust¬ 
ments are right, is about at the neutral, but to 
help 4 stabilize a parallel operation, I recommend that 
they be placed just a fraction ahead of the neutral. 

V. Karapetoff : Some of the speakers and authors of 
our papers have remarked that there is a gradual tend¬ 
ency in American practise away from common busbars 
for exciters and towards individual exciters, which is 
more in line with the earlier European practise. There 


1556 


J • T. BARRON AND A. E. BAUHAN [July 2 


is a possibility, then, that we may follow this European 
practise a little further, and provide a magnetic inter¬ 
linkage between the alternator and its exciter, for the 
purpose of taking care automatically of changes in the 
alternator load and keeping the voltage approximately 
constant. 

. Some such practical schemes have been worked out 
m France \by Prof. A. Blondel and his co-workers, and 
I should like to call attention to the principle of such 
automatic regulation of voltage of a direct-connected 
exciter, without any commutator for the rectification of 
the mam alternating current. 

Several articles on the subject will be found in the 
leading French electrical periodicals for the last ten or 
fifteen years. I shall mention in particular. Bulletin 
ae . la bociete Internationale des Electriciens, La Lu- 
??Mere Electrique, and Revue Generale d’Electricite. 
ihe easiest way to find these articles would probably 
be through the “Science Abstracts,” part B. 

., y \ J - Foster: I would like to ask Prof. Karapetoff 
n he is familiar with a line of machines that were built 
by the General Electric Company about 15 years ago, 
known as the compensated or “Form D” line? If I 
am not mistaken, that line embodied precisely this idea. 
If so, there is plenty of literature on the subject I 
would also say, for Mr. Dawson’s information—Mr. 
Dawson was then an European engineer,—that while 
we could adjust the exciters for 80 per cent and unity 
power factor, from no. load to full load, we could not 
compensate for all the intermediate power factors satis¬ 
factorily The generator was rather a complicated 
, .in2, and consequently when a satisfactory field regu- 
doned WaS deveo P ed this line of machines was aban- 

N °w, I wish also to say in that connection that this 

Dm°n^ r i^v° + v n ^- meric ' a b engineer in the spring of 
1893 on which the General Electric Company’s design 
was based. It was in connection with our first work 
on rotary converters, and this engineer looking over 

Sif iT d T g sudden] y had the thought come to 

mec hanically connected to 
an alternator it would take care of the voltage auto- 
matmally’ and he mentioned it to me, and somewhat 

aDDlicif ten T years later > we star ted in and made the 
application. I am very sure that that engineer was 

not familiar with what Prof. Blondel was doing—In 
tact, 1 am not sure whether the work of Prof. Blondel 
was as early as 1898. aei 

t ^ ar ?P e toff: In the machines of your make I am 
familiar with, additional excitation is furnished through 
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a synchronous commutator consisting of several seg¬ 
ments and there is considerable sparking. We had at 
Corned two or three of the old machines and we had to 
discontinue them. That was the arrangement without 
the commutator, just slip rings. 

W. J. Foster: You say there are no commutators in 
this machine? 

V. KarapetofF: Slip rings. In the early G. E. ma¬ 
chine there was a synchronous commutator which 
sparked. 

W. J. Foster: We may have had some commutators 
that sparked, but I do not recall them. 

A. E. Bauhan: Mr. Muir points out; that in the 
papers by Mr. Schuchardt and Dr. Steinmetz, pre¬ 
sented yesterday, no mention was made of the relation 
of excitation to the troubles which they had. The 
relation between excitation system and generators 
falling out of synchronism is repeatedly touched on 
in our paper and is an important consideration. 

In Mr. Sims’ outline of the evolution of excitation 
practise in Chicago he mentions that the Fisk St. 
central system is split into two parts. This is an ex¬ 
cellent modification of the central system and dimin¬ 
ishes the effect of excitation and system trouble. 

Mr. Merrick referred to a tabulation which is in¬ 
cluded as part of this closure. Mr. Merrick's cri¬ 
ticisms are largely answered in this more detailed t abu¬ 
lation. The tabulation, however, necessarily sacri¬ 
fices completeness of statement and is presented more 
for the purpose of giving a comprehensive view of 
the problem. The paper itself really needs to be studied 
in detail in order to apply the table n any important, 
ease. 

The point that regulators assist the operator in 
synchronizing is true, of course, in many cases. In 
others, where the compensation for line drop is con¬ 
siderable, the regulator does not bring the generator 
voltage to the bus voltage immediately, and needs 
adjustment by the operator. 

Mention was made by Mr. Dawson and others of 
the omission of the regulator. I wish to say thatin Balti¬ 
more the regulator is not used, not because of any t n>uble 
with the regulator but simply because it is not, needed. 
Very close regulation is not called for because of the 
nature of the load and the use of means of regula¬ 
tion in the distribution system. The regulators at 
the Holtwood hydro plant, 40 miles away, com¬ 
pensate for voltage drop in the transmission lines. 

Prof, KarapetofF’s contribution was very interesting. 

I thought at first the apparatus which lie mentioned 
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was identical with the apparatus mentioned by Mr. 
Foster, which has been described in the Institute 
Proceedings in a paper by Rushmore in 1912. 

Mr. Merrick seems to have inferred that because 
system C does not rank favorably from the standpoint 
of effect of power system troubles it is considered gen¬ 
erally as a poor system. This is not the impression 
intended. Behavior during power system troubles is 
only one of several considerations and will in many 
cases be outweighed by other considerations, such as 
cost, simplicity, and behavior during exciter system 
trouble, especially if highly refined operation is not 
called for. The disadvantages of the individual di- 
rectrconneeted system are ameliorated if the size of 
the individual unit is small as compared with the capac¬ 
ity of the system if the prime mover speed can be closely 
regulated during and after short circuit, or if speed 
fluctuations can be compensated for by voltage regu- 
lators. Hence it is being found in many cases to be 
the best selection. 


. A ,™ De ^9 frequently remarked and has been stated 
at this meeting that the cost of the excitation system 
is oi^no consequence. I hold that is not true and that 
m the majority of stations cost is very largely taken 
n °t be in certain large metro- 
fnilr fLl 1StnC t s J tatl01 l s > tort we are considering not 
• ^ the large stations but also moderate size and small 
size stations m our paper. 

*Jt argUment , Used is that the cost of th e excitation 
ttfT’f X?r6SSed as a , Percentage of the total cost of 
the plant, is very small and doubling the cost of the 
excitation system is of no consequence in the total 
i ■ That is very true but the same argument can 

L e trlll aPPlied i t0 other items, which, in the aggre¬ 
gate, perhaps make up more than 50 per cent of the 
cost of the_ entire station. If the cost of the excita- 
tion system is increased on the strength of this argument 
it is logical to increase the expenditures for the other 

comiderSon*Z ejecting ufe system of” eXttaf 
and in my opinion accounts in part for the tendency in 
favor of the direct-connected system in places wherethe 

0f the P0wer “d Siter 
systems is not of great consequence. 

dlscass i n g this subject of excitation there is a 
tendency to use the word “reliability” in a too general 
sense. I believe the word should not be used as 
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referring to the general operating results obtained from 
a system but rather to the inherent dependability of 
the apparatus itself. Using the word in this more 
specific sense, the reliability of the various systems is 
not an important consideration in the choice of system. 
Ihe apparatus in all of the systems is very reliable 
and furthermore, reliability depends more upon the 
amount and character of equipment involved than 
the system used. 
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T HE purpose of this paper is: To point out the most 
essential requirements of excitation schemes; to 
outline two general methods followed in the de¬ 
sign of such systems and from which a variety of 
schemes are built up; and to discuss briefly the merits 
as well as demerits of factors determining the success 
of various schemes. 

A. General Requirements 

In the installation of a generating unit, there tire 
many component parts all of which must, function 
properly for continuity of service. Of these, the 
excitation system is a very vital one deserving careful 
attention. Its rank of importance compared to other 
component parts is not to be argued, because success¬ 
ful operation of a generator unit depends on the proper 
functioning of all component parts. There seems to 
be a wide diversity of opinion, however, regarding the 
equipment and its assembly as required for furnishing 
excitation to the main generator units. Many of the 
schemes of course, are determined largely by local con¬ 
ditions and no attempt is made in this paper to argue 
for standardization, nor for a most ideal scheme. The 
intention is to point out some of the underlying prin¬ 
ciples affecting an excitation system and determining 
continuity as well as quality of service of the main 
generating units. 

Simplicity is the keynote to successful operation. 
Some designers in laying out an exciter system, and in 
their anxiety to approach perfection, will consider 
many possibilities rather than the comparatively few 
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probabilities which might interfere with continuous 
operation of a generator unit. As a consequence, a 
complication of safeguards are incorporated, some¬ 
times at great expense, and all for good purpose, but 
not always with positive assurance that each will 
function as intended. Other engineers will care¬ 
fully weigh the probabilities against the possibilities 
and risk the chance of some possibilities not occurring, 
rather than introduce complications equally apt to 
cause interference. It must not be forgotten that 
a multiplicity of safeguards multiplies the chance for 
trouble. 

Reliability of excitation is of course most desirable, 
but its relation to the reliability of other component 
parts of the main generator unit must be carefully con¬ 
sidered. Too much effort is sometimes expended to 
obtain a very high degree of reliability in the excita¬ 
tion system alone without much consideration of the 
reliability of other essential component parts of the main 
unit. The turbine and generator proper, as well 
as the accessories such as the excitation system, the 
governor, the oil pump, and various other auxiliaries, 
are all subject to failures. Each is a link in a chain 
whose overall strength depends upon the weakest link. 
Reliability should be provided for proportionately 
among the various links, rather than indiscriminately 
by biased attention to one component part or other, 
as e. g. the excitation system. 

Of course, a high degree of reliability must be reason¬ 
ably provided for. This can be attained by selecting 
simple equipment composed of few parts, each liberally 
designed mechanically as well as electrically. Further 
insurance of reliability can be obtained by making 
excitation an' independent system, free from ties to 
other service auxiliaries. Going a step further and 
segregating the exciter equipment into separate inde¬ 
pendent units, each having equipment assembled which 
serves only its respective main generator unit, would 
afford not only immunity from external disturbances, 
but would also isolate excitation troubles within one 
unit. 

Working in opposition to simplicity and reliability 
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are. commonly found provisions for flexibility in an 
excitation system. It is felt by some engineers that 
great flexibility is required and as a result, all sorts of 
switching arrangements and reserve apparatus of extra 
large capacity are provided for. - It would be much 
more practicable to curtail flexibility in an excitation 
system to an absolute minimum in favor of simplicity. 
Adaptability of the exciter units to take energy from 
several sources of power depends upon the general 
scheme of excitation and will be referred to again below. 


H. TWO (GENERAL SCHEMES 
_ O ne very common practise has been to supply excita¬ 
tion energy to the fields of all main generators from a 
common exciter bus, the latter in turn served by several 
separately driven exciter generators operating in 
parallel. In some cases the exciters are motor-driven, 
in others turbine or engine-driven. In any case con¬ 
tinuity of supply and voltage regulation of great 
accuracy are essential. If only motor-driven exciters 
are employed, taking their energy from the main sta¬ 
tion bus, often the case in small stations—very bad 
regulation may result from the cumulative effects of 
system disturbances which might otherwise be quite 
unimportant. This would be especially characteristic 
ot a system employing exciters driven by induction 
motors. If the exciters are steam-driven the govern¬ 
ing characteristics of small turbines or engines must 
be contended with. A great many turbine-driven 
exciter sets of approximately 200-kw. size, built in the 
last six years, have performed very poorly in this respect. 

he important part to be considered in regard to a 
common exciter bus is, that the latter entails the main¬ 
tenance of an additional energy system, secondary to 
e mam energy system, but equally important and 
requiring safeguards and careful attention to insure 
continuity of service and the required degree of accuracy 
of voltage regulation. y 

Another method of supplying excitation, which is 
growing m popularity and avoids some of the undesir- 
le features of the common bus system is the individ¬ 
ual exciter scheme. In this, individual exciters are 
devoted solely to serving their respective main genera- 
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tor units. By this individual arrangement, simplifi¬ 
cation in many ways is easily attained. Moreover, 
disturbances of the system are limited to a single 
generator unit instead of endangering operation of the 
entire plant, e.g. a ground coming on the field circuit 
of one unit would permit continued operation until the 
opportunity arrived for shutting down that particular 
unit. Whereas, if the fields of all generators were 
served from a common exciter bus, it would not be 
good practise to continue operation of a unit with, such 
a fault, because the appearance of a second ground 
would not only affect the one unit but endanger the 
operation of every exciter and main generator in the 
station. Another favorable feature of the individual 
scheme is seen in its adaptation to rapidly increasing 
station capacity. With increase in number of main 
generator units additional exciter equipment can be 
installed in like ratio and without disturbing existing 
systems. In the common excitation bus scheme, the 
exciter capacity is sometimes necessarily out of pro¬ 
portion to the main generator capacity. 

Means of driving individual exciters is another 
phase of the problem. Recourse to any driver com¬ 
monly employed with exciter units is permissible, but 
if motor drive is used, the same care must be taken to 
secure independence of plant electrical disturbances. 

If steam drive is used, performance is still dependent 
upon the speed characteristics of some small prime 
mover. Latterly, it has become rather common 
practise to supply the auxiliary power requirements of 
large power plants from several auxiliary turbines, 
buch turbines ensure continuous running of essential 
motor-driven plant auxiliaries, even in the event of a 
mam a-e. system shut-down. A throwover connection 
irom this auxiliary power bus to the main station bus 
gives additional reliability. It would seem good 
practise to connect motor-driven exciter sets to this 
auxiliary power bus, but taking advantage of the 
security thus afforded as far as continuity of drive is 
concerned has two distinct disadvantages. A very 
much more accurate standard of speed and voltage 
control would be required for the auxiliary energy 
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system and even more important, the exciters would be 
subject to serious disturbances incident to the operation 
of numerous pieces of apparatus throughout the plant 
which are connected to the auxiliary power bus. 

Direct connection of exciter generators to the main 
shafts of main turbines seems an excellently simple 
solution. Attention of the turbine room operator to 
an additional machine is not required. The exciter 
benefits by the good speed regulation of the most 
accurately governed prime mover in the plant, the 
main unit. The question of reliability of the prime 
mover driving the exciter is automatically eliminated, 
since shutting down the main turbine simultaneously 
removes the need for excitation of that unit. 

There seems to be only one main objection by 
some engineers to the direct-connected exciter, that the 
loss of the exciter entails losing from commission 
the corresponding main unit. However, with the 
exciter very liberally designed both mechanically 
and electrically, the chance for trouble with this unit 
may be so minimized that sole dependence upon it is 
no more hazardous than a dozen other vital accessories 
of a main unit, to say nothing of the turbine and 
generator proper. 


V- STANDBY iUXCITATION 
Standby equipment for every component part of £ 
mam turbo-generator unit might appear desirable or 
first sight, but every engineer realizes its impractica¬ 
bility. Within practicable limitations standby can be 
provided only for the more extensive components, such 
as e.g. the excitation system. By standby, is meant 
the substitution of excitation from another source 
for the normal excitation of a generator unit. 
The kind of reserve and method of applying same 
depend upon the general scheme of normal excitation 
Assuming that the common excitation bus has enough 
exciter capacity connected at all times to permit a 
sudden shut-down of one unit, additional standby is 
frequently provided by means of a storage battery. 
This is usually floated on the common bus and is in¬ 
tended to supply the bus automatically with sufficient 
current for complete excitation of all main generator 
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units, at least for a reasonable period, in the event 
of a partial or complete failure of the exciter system. 
Incidentally, it might be mentioned that a battery so 
connected acts very efficaciously as a stabilizer for 
the load fluctuations as well as the vagaries of the sev¬ 
eral exciters paralleled upon the bus, and thus affords 
better voltage regulation of the exciter bus. 

In the individual exciter scheme, provision for stand¬ 
by for normal excitation is not so clearly established. 
The reason for this is of course quite evident in that the 
excitation system belonging to each main generator 
unit is less extensive, more independent and less sub¬ 
ject to troubles. This is especially so with direct- 
connected exciters. 

An individual standby exciter for each main unit 
would certainly be unnecessary. A common standby 
bus however, to which the field of any main generator 
unit can be connected is more practicable and is very 
commonly employed. The importance of the common 
standby bus is more or less a matter of opinion. In 
some cases a special bus used exclusively for excitation 
is installed and connected to a floating battery. This 
hardly seems warranted for an occasional duty. If a 
continuous-current auxiliary-service bus is employed 
it is usually made reliable for various other reasons 
and would answer all requirements for standby excita¬ 
tion. In some installations of direct-connected ex¬ 
citers no standby whatever is provided, acting on the 
theory that although a chain is no stronger than its 
weakest link, on the other hand it is no weaker by the 
addition of another link built as strong or stronger 
than the other links. Here the generator with its 
auxiliaries is analogous to the chain and the separate 
exciter to the additional link. In at least one large 
plant employing direct-connected exciters, five years' 
sucessful operation has proved that no undue risks 
have been taken with direct-connected exciters. 
During this period, the plant increased from .40,000 
to 100,000 kw. and only one emergency shut-down is 
on record, chargeable to the exciter—a preventable 
accident caused by a foreign agent short-circuiting an 
unprotected brush holder. 
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Throwover to the standby bus is accomplished 
usually manually, but sometimes automatically. Auto¬ 
matic throwover is somewhat questioned as to whether 
or not it is practicable or even possible with some types 
of turbo generators. The sensitiveness of the governor 
and steam valves and the synchronizing power of the 
generator when the load is suddenly dropped, as well 
as the speed of the relay and of the closing field breaker 
onto the throwover bus are very big factors apt to fall 
short sometimes. With a well and liberally designed 
excitation system the occasions for throwover would be 
so rare that the apparent gain by the automatic feature 
might be offset by the added complications giving 
rise to trouble. 

D. Control op Excitation 

The method of varying the exciting current to the 
main generating field for voltage regulation depends 
of course, upon the general scheme of exciter con¬ 
nections. With a common excitation bus, rheostats 
must be provided for both the exciter field and the 
main generating field circuit. The rheostat in the 
exciter field is usually small in range and used to main¬ 
tain a predetermined and constant exciter bus voltage 
for good parallel operation of exciters. The rheostat 
in the main generating field has a wide range of small 
steps, and is employed for controlling the voltage 
regulation of the main generating unit. The exciter 
field rheostat is adjusted sometimes to assist the main 
field rheostat in meeting the excitation requirements of 
heavy load or other demands on the main generator, 
but demands within reasonable limitations are us uall y 
met by means of the main field rheostat alone, thus 
simplifying the routine of switchboard regulation. 

With individual excitation the exciter field rheostat 
alone is usually employed to vary the main field current. 
The exciter field should be designed liberally and the 
rheostat made capable of adjusting the'exciter terminal 
voltage through a wide range in order to meet occasions 
like the dropping of the exciter voltage due to abnormal 
slowing down of the main unit on account of heavy 
overload or low steam pressure. With exciter field 
control a comparatively small rheostat performs the 
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duty which otherwise would be required of a large and 
inefficient main field rheostat. But where standby 
excitation from a common bus is provided for it is quite 
common practise to install also a main field rheostat 
for each unit, but which normally is inoperative. 
It is only in emergencies when normal excitation is 
shut off and excitation taken from a new source that 
this rheostat is used to regulate the main field current. 
It is evident from the foregoing that the main, field 
rheostat is quite essential in a common bus excitation 
scheme, but may be eliminated in the individual 
excitation scheme, except for its need as a reserve in 
connection with some standby schemes. In the 
individual exciter scheme, the exciter field rheostat 
only is essential for normal operation. 

In large central stations where the load fluctuations oc¬ 
cur at a comparatively slow rate, these rheostats are 
regulated very satisfactorily by the station operators. 
In some generating stations supplying energy to a 
system or part of a system which fluctuates rapidly or 
to long transmission lines, automatic operation of field 
rheostats would perhaps be more desirable. Provi¬ 
sions are sometimes made to automatically com¬ 
pensate for line drop on long transmission lines through 
excitation of the main generators. Such cases, how¬ 
ever, are in the minority and are impracticable except 
where the load on the generating plant is of such pro¬ 
portions and of such nature as to permit operation of 
the main generator buses in separate and distinct uni ts. 
Such splitting up of the main generator buses except 
in special cases is very undesirable from several other 
considerations in plant operation. In most large 
central stations carrying a mixed load which is trans¬ 
mitted to substations from which it is distributed, the 
load fluctuations are comparatively slow and can be 
met by manual control. The latter method also per¬ 
mits better flexibility in dividing the energy itself as 
well as the reactive component among the various 
machines according to the best overall plant economy 
of the main units in service at any one tim e. 

High quality of regulation and good control in 
excitation are obtained by means of exciters with 
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gtiunt fields and interpole windings, a type which has 
c.ome to be quite universally used. There is a tendency 
to increase the exciter voltage from 125 volts for 
tlae relatively smaller generator units, to 250 volts 
•for the large units on account of the reduction in the 
gize of the exciter as well as in the leads from the 
^jcciter to the main generator field. In a large unit 
tire current values, even at 250 volts are not to be 
disregarded. The old objection to automatic tripping 
of fhe main generator field circuit seems to have been 
vvithdrawn in the present tendency to provide gener¬ 
ators with protective relay schemes which automat¬ 
ically cut off the field excitation on occasion of internal 
trouble in the main generator circuit. 

E. Economy 

Energy for excitation, though relatively of small 
amount when compared with the main generator out¬ 
put., is nevertheless of considerable importance when 
measured in absolute terms, and the economy of its 
generation is accordingly deserving of some attention. 
Its importance, however, is only secondary to con¬ 
siderations of reliability and good regulation. An 
arrangement devised to obtain the maximum of re¬ 
liability may, nevertheless, he likewise the most 
economical, as will be pointed out. 

The steam-driven prime movers of the plant fall 
into two classes those exhausting to condensers 
from which the latent heat of the exhaust steam is 
carried away by the circulating water and wasted- 
arid those units which exhaust to condensers utilizing 
the exhaust, heat,. Obviously the energy that can be 
developed advantageously by the latter class of steam 
units is limited in plants not complicated by central 
heating or process work, limited practically by the 
heat absorbing capacity of the feed water in being raised 
from the temperat ure of main unit condensate to the 
temperature desired for boiler feed. Every kilowatt- 
hour generated by (lie main unit, wasting its exhaust 
heat to the circulating water, costs the plant upwards of 
19,000 B.t.u. chargeable to such generation, whereas 
ev ery kilowatt-hour generated by prime movers of the 
second class, coats the system very little more than the 
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heat equivalent of the electrical energy generated. 
This is all very common knowledge, and very many 
plants have availed themselves of this source of cheap 
energy by employing small turbines and engines to 
drive plant auxiliary machinery. What seems not to 
have been so clearly realized, however, is the fact 
that economy dictates the employment of the most 
efficient auxiliary turbine available, in order to skim the 
maximum of cheap electrical energy from the live steam 
devoted to feed water heating. Hence the employment 
of the extraction type of main turbine from which 
steam is bled from an intermediate stage in quantities 
sufficient for feed water heating. Here the early 
stages of the main unit perform the part of an a uxi liary 
turbine. An alternative is the employment of several 
auxiliary turbine generators supplying energy to an 
auxiliary power bus, as described above. The am o un t 
of energy developed should be controlled at all times 
by the demand for exhaust steam to heat the feed 
water. The load thus carried will bear little or no 
relationship, however, to the momentary power demand 
of the motor-driven auxiliary machinery. Arrange¬ 
ment should be made to deliver all excess energy not 
demanded by plant auxiliaries to the main station bus. 
Similarly, the auxiliary bus should be able to derive 
energy from the system at certain periods of the day 
or in case of shut-down of an auxiliary turbine. These 
auxiliary turbines can be made of sufficient size to 
attain very respectable economy, approaching closely, 
if not equalling that of the early stages of the main 
unit. 

Practically all station auxiliary machinery is then 
made motor-driven with consequent simplicity and 
flexibility of control. Every such piece of apparatus 
shares the reliability afforded by a twofold energy 
supply and, as already explained, excellent heat 
economy has been attained. Further economy can 
be gained by direct connection of auxiliary apparatus 
to either the main or auxiliary prime mover, and the 
consequent elimination of intervening generator and 
motor losses. This arrangement is hardly feasible 
for any machinery except exciter generators. The 
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exciter direct-connected to the shaft of the main tur¬ 
bine may, therefore, be employed under certain con¬ 
ditions, with maximum economy, besides affording the 
major advantages of reliability and simplicity. In 
plants which do not employ auxiliary turbine gener¬ 
ators supplying an auxiliary bus, on the other hand, it 
may be necessary to make exciters turbine-driven in 
order to utilize all of the available energy of the steam 
devoted to feed water heating. The heat economy 
of such small exciter sets is ordinarily rather low, 
however, and some of the advantages of the other 
method are forfeited. 
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EXCITERS AND SYSTEMS OF EXCITATION 

BY H. R. SUMMERHAYES 

Lighting Dept. General Electric Co. 

I N laying out the excitation system for the genera¬ 
tors of a central power station, the primary re¬ 
quirement is reliability, that is, continuity of 
service. First cost and economy in operation are sec¬ 
ondary, but, nevertheless, must be given considera¬ 
tion. 

To meet the first requirement: 

1. The exciters should be machines of good design 
and liberal size. 

2. The method of drive should be reliable. 

3. All electrical connections and wiring should he as 
short and simple as possible, and located and supported 
to be safe from external injury. 

4. Method of control should be simple and reliable, 
and operation convenient. 

5. Reserve capacity should be supplied and reserve 
driving source. 

The systems of excitation which have been used or 
proposed may be divided into two general classes: 

1. Common excitation plant (exciters operating on 
parallel on a bus supplying excitation to all generators). 
2. Individual exciters (not operating in parallel). 
The first plan was for many years the standard 
American practise for both steam and hydroelectric 
plants, excepting in some small plants where belted 
individual exciters were commonly used. 

European practise, on the other hand, has shown a 
preference for individual exciters, and in recent years 
American practise has tended toward the use of indi¬ 
vidual exciters, for reasons which will be discussed. 
One reason for the American preference for common 
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excitation plant may have been the use of large alter¬ 
nators driven by slow-speed Corliss engines, on which 
it was relatively expensive, in cost and floor space, to 
arrange for direct-connected exciters. 

At the same period, European plants were installing 
high-speed vertical engines, for which the exciters on 
account of the speed were of small dimensions and 
weight and could readily be overhung on extended 
shafts. 

When steam turbines came into general use manu¬ 
facturers were somewhat unwilling to lengthen their 
shafts and complicate their problems of balance, ex¬ 
pansion, etc., to add direct-connected exciters, and for 
vertical-shaft turbines there was the further objec¬ 
tion that the exciter would be in an inaccessible loca¬ 
tion. There was also the conservation of power plant 
engineers and the general appreciation of the reliabil¬ 
ity of excitation afforded by having a battery floating 
on the common excitation bus. 

It is interesting to note, however, that of the steam 
turbines, 7500 kv-a. and over, sold by one manufac¬ 
turer during the last five years about 45 per cent were 
equipped with direct-connected exciters; and of the 
generators, 1000 kv-a. and over, for water wheel drive, 
by the same manufacturer, 75 per cent had direct- 
connected exciters. 

Some of the hydroelectric generators of low speed 
and large size without direct-connected exciters were 
equipped with individual exciters driven by motors. 

Comparison of Various Plans of Excitation 

Common Excitation Plants. Common excitation 
plants in which the exciters are operated in parallel 
on , a common bus have the advantage as compared 
with individual exciters that the bus voltage is kept 
constant, so that a storage battery may be kept float¬ 
ing on the bus at all times ready to take up the excita¬ 
tion load in case of exciter trouble, also that the con¬ 
stant-voltage exciter bus offers a source for the supply 
of lighting, auxiliaries, and sometimes the control of 
electrically-operated switches. If automatic voltage 
regulators are used directly on the exciters this con¬ 
stant voltage is no longer maintained and this advan- 
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tage disappears unless a regulator is used on a booster 
between the constant-voltage exciter bus and a vary- 
ing-voltage bus to which the generator fields are con¬ 
nected. These common excitation plants have the 
disadvantage that any trouble on the main exciter bus 
may cause a shut down on the entire generating station. 

Individual Exciters. In the case of individual ex¬ 
citers, where one exciter is supplied for each machine 
and the exciters are not normally operated in parallel, 
trouble on one exciter circuit will only affect one gen¬ 
erator. The exciter circuits are short and simple and 
not liable to trouble. 

Methods of Driving Exciters. Whether the common 
excitation plant or individual exciters are used, the 
method of drive is important. 

For individual exciters usually only two methods of 
drive are used, namely, exciters directly connected to 
the generator shafts and exciters driven by motors. 

In the latter case the motors may be connected to 
the main bus or preferably they should be connected 
to an auxiliary bus supplied by an a-c. generator driven 
by a prime mover. 

Transformers are also furnished, so that the motors 
may be supplied from the main bus in emergency. 

This method of driving individual exciters is used 
chiefly for large hydroelectric plants where on account 
of the low speed of the vertical shaft generators direct- 
connected exciters become too expensive. For in¬ 
dividual exciters it may be said that direct-connected 
exciters are preferable on account of cost, reliability 
of drive and shortness and simplicity of wiring. 

Direct-connected exciters large enough to excite two 
units are sometimes specified. For steam turbines, 
such large exciters may be undesirable on account of 
their weight and size, being too great to overhang on 
extended shaft. For turbines up to 1800 rev. per min. 
direct-connected exciters are reliable machines and 
have given good service records. For turbines of 
3600 rev. per min. direct-connected exciters are often 
used, but in order to obtain the best results as to com¬ 
mutation, and make such machines as reliable as those 
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of lower speed, great care must be exercised in manu¬ 
facture. 

Exciter Drive in Common Excitation Plants. In the 
case of common excitation plant, a number of arrange¬ 
ments for driving the exciters are in use. The most 
reliable and efficient arrangement is the direct-con¬ 
nected exciter, unless there are reasons, such as too 
high speed or too low speed, against using it. Belted 
units are widely used in small plants where the engine 
speeds are low and the use of a belt involves very little 
risk of trouble. On account of the low engine speed, 
a considerable saving of cost and space is made by us¬ 
ing belted instead of direct-connected exciters. Geared 
exciters have been proposed for large low-head hydro¬ 
electric plants. 

The plan most commonly used for common excita¬ 
tion plant is to have some of the exciters motor-driven 
through transformers from the main a-c. bus and some 
of them driven by separate prime movers. 

Another plan which has been used in connection with 
some large steam plants is to have the exciters motor- 
driven from an auxiliary a-c. bus supplied by auxiliary 
generator units designated as “house turbines.” Trans¬ 
formers connecting auxiliary bus to main bus are sup¬ 
plied for emergency use or for adjusting the power on 
the auxiliary bus for heat balance purposes. This 
auxiliary bus is used also for the supply of auxiliary 
power for the whole station, such as circulating water, 
air, and hot well pumps, stoker motors, economizer 
and draft fans, coal crushers and conveyors, etc. In 
very large stations an auxiliary bus and its generating 
unit may be supplied in connection with each main 
generating unit on the system. 

An arrangement commonly used in hydroelectric 
plants and used occasionally in steam plants is to have 
each exciter connected to a prime mover and to an a-c. 
motor supplied from the main bus, so that the exciter 
may be driven by either or both. 

This arrangement has been used in steam plants of 
moderate size and in hydroelectric plants for the fol¬ 
lowing reasons: 

1. The reason which applies to both cases is to have 
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two separate sources of power for the exciter drive. 
In hydroelectric plants for high head where the ex¬ 
citer water wheel nozzles, on account of their small 
sizes were likely to become blocked, it has been for 
many years the practise to have an induction motor 
connected to the bus mounted on the same shaft as 
the exciter and the water wheel, so that when the 
water wheel fails to carry the load the induction motor 
will take it up. In steam plants the chief reason for 
using this arrangement is to provide means of adjust¬ 
ing the amount of exhaust steam available to heat feed 
water, which is done by adjusting the governor of the 
exciter unit to take more or less power, the remainder 
being supplied from the motor. 

This arrangement in steam plants has the disad¬ 
vantage that to obtain an efficient turbine the speed 
must be high, possibly too high for the proper design 
of the direct-current generator, or of the motor, neces¬ 
sitating sometimes a geared connection which, of course 
is very disadvantageous for a high-speed continuous 
running unit. 

The plan of direct-connected exciters on the main 
generator shaft, exciters not operating in parallel the 
voltage of each generator controlled by the exciter 
field, appears to be the most reliable and simple method 
of excitation for large plants wherever the speed re¬ 
quirements do not make a direct-connected exciter 
out of the question. 

For all large stations using individual exciters it is 
desirable to have an emergency excitation bus with a 
reserve exciter driven by a separate steam turbine, 
water wheel or motor, so that any generator field may 
be thrown on this bus in case of trouble with one of 
the individual exciters. The question as to whether 
a storage battery is necessary will depend on the num¬ 
ber of units in the plant and on the importance of the 
service. 

Voltage op Exciter Plant 

For many years the standard pressure has been 125 
volts and this pressure is still standard for small and 
medium size plants. In recent years 250 volts has 
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been coming into use and has now become standard 
for large plants for the following reasons: 

Difficulty and expense of building high-speed com¬ 
mutators for 125 volts, especially turbine-driven ex¬ 
citers or water-wheel exciters which stand double 
speed. The space occupied by the commutator is 
reduced at 250 volts. Expense of bus bars, machine 
leads, circuit breakers, etc., to carry the large currents 
necessary at 125 volts, especially in large stations 
where the field currents are heavy and in long stations 
where the distances are great. 

Excitation Requirements of Alternators 

Voltage Range. In the steam turbine generators the 
armature reaction may be about equal to the no-load 
ampere turns. This means that with 100 amperes 
field current required to give full voltage at no-load, 
200 amperes would be required to maintain full volt¬ 
age at full load at the rated power factor. Since the 
alternator fields must be designed to take not over 125 
volts at rated power factor full load and maximum 
temperature, and because a margin must be allowed 
in the design for variation in the material, etc., the 
actual machines may meet their requirements at 90 
to 110 volts across the field, and this means that no- 
load full a-c. voltage the exciter pressure may gq as 
low as 40 or 50 volts, or about 30 or 40 per cent of 
rated voltage. 

The exciters and their rheostats and regulators must 
be designed with this range of voltage in mind. 

For synchronous condensers the range of exciter 
volts 18 down to 10 per cent or less of full pressure and 
for synchronous motors the range depends on the range 
of power factor for which they are designed. 

Kilowatts Required. The excitation requirements 
of alternators vary according to the design, but for 
modern standard lines may be summarized as follows 
in per cent of the kv-a. alternator rating: 

Steam Turbo-Generators 

1000 to 5000 kv-a.... 

7500 to 35,000 kv-a.. 


0.5 to 0.3 per cent 
0.4 to 0.3 per cent' 
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Water Wheel Driven Generators 

1000 to 5000 kw. slow-speed. 1.5 to 0.8 per cent 

1000 to 5000 kw. high-speed. 1% to 0.5 per cent 

7500 to 20,00 kv-a. slow-speed. 0.7 to 0.5 per cent 

7500 to 20,000 kv-a. high-speed. 0.5 to 0.4 per cent 

Motor Generaators 

1000 to 5000 kv-a. 1 to 5 per cent 


Modern exciters are usually continuous-rated ma¬ 
chines having no stated overload capacity, so that in 
order to allow liberal margin for emergencies of opera¬ 
tion the full-load rating of the exciter should be 20 
per cent greater than the stated excitation require¬ 
ment. 

Rheostats for Exciters 

For small exciters hand-operated rheostats mounted 
on the back of the switchboard, or operated by chain 
drive from a handwheel on the switchboard, are gen¬ 
erally used. 

For large plants the alternator field and the exciter 
field rheostats are nearly always electrically operated 
and this method of operation is recommended for any 
plant where electric control circuit for operating rheo¬ 
stats is available and where the main control board is 
on another floor or distant from the machines. For 
all such plants convenience of operation, location and 
wiring, as well as cost considerations, will usually give 
electrically-operated rheostats the preference. 

For operation with automatic voltage regulators 
the exciter field rheostat is generally made three to 
four times the ohmic resistance of the exciter winding, 
which is from two to two and one-half times the resist¬ 
ance furnished with ordinary d-c. generators not used 
for exciter purposes. 

For common excitation plant with hand voltage regu¬ 
lation, where the a-c. voltage is controlled by the alter¬ 
nator field rheostats, the exciter rheostats may be of 
ordinary design with resistance points closely gradu¬ 
ated from 85 to 100 per cent of full exciter voltage 
and further apart for lower voltage ranges, ■•'■v 

For individual exciters, non-automatic voltage con¬ 
trol, where no generator field rheostats are used, the 
exciter rheostats should have closely graduated re¬ 
sistance steps all the way down to 30 per cent of the 
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voltage and may have as many as 100 to 150 steps. 
When this method of regulation is used the alternator 
field rheostats may be dispensed with, but it is con¬ 
sidered better practise to install them for emergency 
use in case some other source of excitation is resorted 
to, and it will usually be found that more stable oper¬ 
ation at the lower ranges may be obtained by the use 
of these field rheostats to a certain extent to enable 
the exciters to work at somewhat higher voltage. If 
the alternator rheostats are used there is a slight sacri¬ 
fice of efficiency. 

Circuit Breakers and Field Switches 

As a general principle no automatic overload circuit- 
breaker or fuse should be installed in exciter circuits. 
When the alternator is short-circuited the alternator 
field current may rise to several times normal in the 
normal direction and an automatic circuit-breaker 
under such conditions might interrupt the exciter cir¬ 
cuit, which must not be allowed. Short circuits in 
the generator field circuits, or on the exciter bus bars, 
are an infrequent occurrence and should be taken care 
of by the operator. It is considered better to risk 
injury to the exciter than to install overload devices 
which may operate at the wrong time. 

With exciters operating in parallel it is desirable to 
have circuit-breakers between the exciters and the d-c. 
buses, operated by reverse current in case of trouble 
in an exciter or its prime mover. 

Alternator field switches should be equipped with 
discharge resistance. Field switches and exciter 
switches should be electrically operated in all large 
plants and in other plants when dictated by conveni¬ 
ence of operation, location and wiring. It is desirable, 
of course, to keep the field switches as near to the 
alternators, and the exciter switches as near to the 
exciters as possible, and to locate the exciter as near 
to the generator as possible in order to keep the ex¬ 
citer circuits short, since the shorter they are the less 
chance of trouble. Also for reasons of economy. 
Hence, hand operated field and exciter switches may be 
used even in large plants if, operated by the floor men, 
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but it is generally desired to operate them from the 
central switchboard. 

Field switches should never open on overload but 
may be made to open automatically when the main 
a-e. circuit breaker opens by the action of reverse- 
power or differential relays in the main alternator leads. 

When individual exciters are installed automatic 
throw-over switches may be used to throw the alter¬ 
nator field over to a reserve exciter bus in case of fail¬ 
ure of the individual exciter. 

Exciter Batteries 

In most large steam stations, and in some large hy¬ 
droelectric stations, a storage battery is provided cap¬ 
able of carrying the excitation requirements of the 
station for thirty minutes to an hour. This battery 
may be used as follows: 

1. Floating on constant voltage exciter bus, 

2. In reserve on emergency bus, 

3. Battery separated into halves, each floating 
through a high resistance on variable voltage exciter 
bus with automatic switches to cut out resistance and 
throw the two halves of battery in series when re¬ 
quired for excitation. 

Charging a battery may be provided for by. an ex¬ 
citer set designed for high voltage, by a special booster 
or charging set, or by separating battery in two halves 
and charging through resistance from the exciter bus. 

In many stations the exciter bus is used to supply 
current for the control bus for the working of motor- 
and solenoid-operated circuit-breaker switches, field 
rheostats, indicating lamps, etc. 

It is now considered better practise to provide a sep¬ 
arate control bus, for the reason that during short 
circuits on the main generators, transient high pres¬ 
sure of the order of several hundred volts may exist 
in the generator field circuits and alternating currents 
of normal or double frequency are superimposed on 
the field currents. 

It is difficult to insulate the multiplicity of switches, 
lamps, sockets, wiring, etc., in the control circuit for 
such high voltages, owing to the limited space require¬ 
ments for control boards. For these reasons in large 
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stations a separate control bus with a small battery 
and motor generator charging set is generally installed. 

Shunt versus Compound-Wound Exciters 

The relative advantages and disadvantages of shunt 
and compound wound exciters have been frequently 
discussed; and the selection has sometimes been dic¬ 
tated by the type of excitation plant used; sometimes 
by individual preference of engineers. 

The matter may be summarized under the following 
headings: 

A. Small belted exciters operating in parallel, no 
battery. Compound generally used, to keep exciter 
bus voltage constant with variation in excitation load 
due to either variation in a-c. load or to change in the 
number of alternators in service. With shunt exciters 
such variations would require adjustment of exciter 
field rheostats as well as generator field rheostats and 
the compound are usually preferred for convenience 
in operation. 

If voltage regulators are used either shunt or com¬ 
pound exciters can be handled equally well. 

For this class of exciters standard belted generators 
are used, which are manufactured and stocked in large 
numbers compound wound, so that reducing the varie¬ 
ties stocked is another reason for the choice of com¬ 
pound winding. 

B. Motor-engine or water-wheel-driven exciters 
operating in parallel, no battery. 

Compound preferred, for same reason as stated 
under A. 

C. Exciters direct connected to main generating 
units, operating in parallel, no battery. 

Compound preferred for above reasons, but stock 
requirements do not apply excepting in small uni ts 

D. Exciters operating in parallel, with storage bat¬ 
tery floating on exciter bus. 

In this case either compound or shunt may be used. 

Compound has the advantage of keeping the bus 
voltage constant with change in excitation load, and 
the disadvantage of possible reversal and motoring of 
an exciter in case of failure of its source of power. This 
contingency may be provided against by reverse- 
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current relays, so far as motoring is concerned, but 
this may not prevent reversal of the polarity of the 
exciter due to the sudden reversal of the current in 
the series field. 

Shunt exciters are safer, when in parallel with a 
floating battery, as regards possible overspeeding due 
to motoring, in case of failure of reverse-current relays. 
They are certainly less liable to be reversed in polarity 
when an exciter slows down due to trouble with its 
drive. They require more frequent adjustment of 
exciter field rheostats, but have the advantage of omit¬ 
ting the equalizer bus with its extra switches and con¬ 
nections. Commutating-pole shunt-wound exciters 
should be adjusted to have a drooping characteristic 
at all operating voltages, not only for proper parallel 
operation but in order to reduce the liability of re¬ 
versal. 

Individual Exciters . The shunt winding appears pre¬ 
ferable for individual exciters, whether the a-c. voltage 
regulation is accomplished by the alternator field rheo¬ 
stat or the exciter field rheostat. In the former case 
there is no reason for compound winding unless for 
manufacturing or stock convenience in the smaller 
sizes. In the latter case, when the exciter has to oper¬ 
ate down to a low voltage the shunt winding has more 
stability, particularly in exciters of the commutating- 
pole type. The shunt exciter is also less susceptible 
to reversal by discharge from the alternator field, or 
by residual magnetic effect from the alternator field. 

Reversal. The reversal of polarity of exciter, 
due to failure of driving power, has been discussed 
above. It appears likely that in case of compound- 
wound exciters the chances of reversal due to this cause 
may be reduced by exciting the shunt field from the 
bus bars instead of across the exciter brushes. 

The reversal of an exciter has been occasionally 
observed at the time of shutting down an alternator. 
Possibility of reversal at this time is apparent only on 
an individual exciter direct connected or otherwise 
driven from a main generating unit. In one case a 
steam turbine unit with individual direct-connected 
exciter was taken out of service, the field being left 
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closed to bring the machine to rest quickly, and field 
opened after machine had reached a standstill. It 
appears probable that residual magnetism in the gener¬ 
ator field structure would persist to a lower point of 
speed than that in the magnetic circuit of the exciter. 
The flux would be varied in passing the armature slots, 
causing weak alternating currents to flow in the field 
circuit, which may account for reversal of the exciter. 

Assuming that the field current does alternate or 
reverse, it is apparent that a series field on the exciter 
would be effective in reversing the residual magne tism 
of the exciter. 

In the case of a commutating-pole exciter the posi¬ 
tion of the brushes would determine the influence of 
the commutating field on reversal. 

Exciters Used With Regulators 
When a vibrating contact regulator is used to con¬ 
trol the a-c. volts pressure through the exciter field 
there appears to be little choice whether the exciter 
shall be shunt or compound wound, so far as the action 
of the regulator is concerned. For shunt wound, the 
field current handled by the regulator is greater. For 
compound winding the field current is less, but a 
greater range of voltage must be applied to obtain 
the same quickness of regulation. 

The shunt across the series field makes the latter 
a damper winding, which impedes sudden flux changes, 
but this is partially neutralized by the action of the 
series field with changes in current. 

For sensitive regulation the shunt machine is un¬ 
doubtedly better, since the entire field is controlled 
by the regulation, and on account of the absence of 
the damper formed by the series winding. For most 
plants the compound exciter is satisfactory with a 
regulator, since its period is usually faster than that 
of the alternator field. 

Commutating-Pole Exciters 
Some years ago during the first period of experience 
with commutating-pole exciters some troubles were 
encountered in operating them in parallel. These 
were due to incorrect design or to incorrect adjust- 
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ment of the commutating field strength or the position 
of the brushes. 

Shunt generators to operate in parallel with proper 
division of load must have a drooping characteristic, 
and compound machines to operate in parallel must 
have a drooping characteristic without the series 
winding. Machines having a rising voltage char¬ 
acteristic without series winding in operation will be 
liable to give trouble in parallel operation, either as 
shunt or compound generators, unless the regulation 
of their prime movers is sufficiently poor to overcome 
the rising characteristic of the machine itself. 

With commutating-pole exciters it was soon found 
that if compounded flat in test at 125 volts full load 
125 volts no load, then when operated at lower voltages 
(as frequently happens under control of a regulator) 
they had a rising characteristic and were therefore 
unstable in parallel operation. This trouble was some¬ 
times made much worse by a slight backward brush 
shift required for good commutation when the com¬ 
mutating field was too strong. 

To take care of this the expedient adopted for a 
time in one manufacturing plant was to flat com¬ 
pound the exciters in test at 80 volts, thus ensuring 
a drooping characteristic at pressures above 80 volts, 
the division of load at lower pressures not being so 
important. 

This expedient involved carrying in stock gener¬ 
ators for ordinary purposes compounded flat at 125 
volts and generators for exciter purposes flat com- 
po unded at 80 volts, or the delay of testing and ad¬ 
justing shunt after receipt of an order. 

With further knowledge of the characteristics of 
commutating-pole machines and more closely correct 
designs, the above expedient was abandoned, and it 
is the present practise to proportion properly the 
commutating field so that the machine is not over 
compensated, the design is such that some range of 
brush shifting is allowable, and the brushes are given 
a slight forward shift so as to obtain a drooping char¬ 
acteristic at all voltages within the range where parallel 
operation is required. With this arrangement, exciters 
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when compound wound may be compounded flat at 
125 volts and still operate properly in parallel at 
lower voltages. 

The stability of commutating-pole machines depends 
greatly on the brush position, commutating-pole 
field strength and voltage at which it operates with 
regard to the saturation curve of the unit. These 
three factors affect equally the stability of the shunt 
and compound-wound unit. In addition, the com¬ 
pound-wound unit is affected by-the amount of com¬ 
pounding, the nature of the compounding curve and 
the size of equalizer connection, also the proper resist¬ 
ance in the equalizer circuit. 

Many engineers feel that brush position alone 
changes the characteristic of the commutating pole 
machine and, whenever a change is desired, the first 
resort is always to change the brush position. In 
man y cases, the desired effects can be secured in this 
way, but nearly always a change in commutating 
field strength, together with a change in brush position, 
if necessary, will obtain the results required in a more 
satisfactory manner. 

It is a well known fact that shifting the brushes 
back from direction of rotation on a commuating- 
pole generator improves the voltage regulation of the 
machine, and, on some machines, it is possible to 
obtain practically a flat voltage characteristic curve 
on a shunt-wound unit, and, in exceptional cases, it is 
possible to obtain a rising voltage characteristic curve. 
The latter obtained by a combination of over-com¬ 
pensated commutating field and backward shifting 
of brush. In fact, the two act together in that to 
hold commutation with a back shift of brushes it is 
necessary to use a stronger commutating field than 
would be required with the brushes on neutral with 
proper compensation. 

The over-compensated commutating field tends to 
magnetize the main pole, and, therefore, has a com¬ 
pounding effect. The magnetizing effect is due to 
the short-circuit current in the coil undergoing com¬ 
mutation. The reverse is true for under-compensation, 
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since the short-circuited current in the coil is reversed 
for this condition. 

We have never found an instance where successful 
parallel operation could not be obtained after the 
brush position, as well as the commutating pole field 
strength, were properly adjusted for shunt-wound 
machines, and where these two conditions were met 
and the equalizer connections properly made on the 
compound-wound machine. 

In this connection also it is desirable to arrange the 
switches of a machine so that the equalizer switch is 
closed with the line switches and not before. If closed 
before, the machine on the bus is operating with .an 
additional shunt across its series field and the incoming 
machine is operating with series as well as shunt 
excitation, resulting in a lower shunt excitation and, 
therefore, a chance for instability when the series 
part of the excitation is changed in amount, and, in 
extreme cases, in direction. 

Voltage Regulators 

Large city central stations supplying power from 
the generator bus bars at generator voltage through 
a multiplicity of feeders have seldom found it neces¬ 
sary to resort to automatic voltage regulation, be¬ 
cause the sudden changes of load are small in propor¬ 
tion to the generator capacity. 

Exceptions are noted, such as the plants at Phila¬ 
delphia, Baltimore and Pittsburgh, where unusual 
requirements in intermittent loads exist, due to the 
supply of main railway electrification or steel mill loads. 

In hydroelectric plants, on the other hand, the power 
is usually carried through a few large transmission 
lines, the interruption of any one of which means the 
loss of a large proportion of the station load, neces¬ 
sitating automatic voltage regulation of the generators. 
The vibrating contact forms of regulators devised by 
Tirrill are the only ones in wide use in this country, 
and no others will be discussed. 

These regulators can be made to take care of exciters 
operating individually or in parallel in sizes up to the 
largest which it has been found necessary to use. The 
exciter field current is controlled through relay con- 
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tacts; the relay coils themselves being actuated by 
direct current passing through the main regulator 
contact. Up to about four amperes at 125 volts a 
single relay handles the exciter field current; for 
larger exciters the field rheostat is divided into sections 
short-circuited by a number of relays, the general rule 
being that each relay will take care of two amperes 
field current; that is to say, for a total of ten amperes 
field current there will be at least five relays. At 250 
volts half the current is handled. To obtain the best 
results the kilowatt output per exciter should not be 
more than 25 kilowatts per relay. When the field 
current is more than twenty amperes, it is generally 
desirable to split the field, so as to keep the actual 
field current handled by the relays below 20 amperes. 

Since a 12-relay regulator will handle about a 300- 
kilowatts exciter, and regulators have been made 
with as many as 48 relays, which could handle four 
such exciters in multiple, it is evident that the reg ula tor 
can be made to take care of very large excitation plants. 

For still larger plants, if such should be contemplated, 
other methods of application of vibrating contact regu¬ 
lators may be used, so that we can say there is no 
limit to the size of plant which can be regulated on 
this principle. 

A single regulator may be used to control a number 
of exciters operating in parallel, or to control a number 
of individual exciters not operating in parallel, when 
the alternators excited run in parallel. It is also 
possible to use in the latter case individual regulators, 
and in this case the proper division of reactive 
component among the alternators is accomplished by 
a compensating coil on the regulator supplied from 
a current-transformer connected in such a way that 
the current is at a right angle phase relation to the 
voltage which the regulator is maintaining. This 
last arrangement is favored for large hydroelectric 
plants having individual exciters, as the individual 
regulator may be mounted near each exciter. 

Stops may be provided on regulators to limit the 
field current of an alternator and this is always done 
then regulator is used with a synchronous condensers 
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keeping the voltage of the receiving and constant up 
to the limit of output, which is determined by a limit¬ 
ing field current. 

Regulators for large plants are provided with acces¬ 
sories, such as over-voltage relays and over-current 
relays, which cut in an extra block of resistance in 
the exciter field, so that in case of over-speed on the 
generators or relay contacts sticking, unduly high 
voltage will be prevented, and in case of short-circuit 
the action is to prevent over-excitation of the fields. 

Discussion of Various Plans of Excitation 

In selecting a plan of excitation for any plant the 
local conditions will govern to some extent. In either 
steam or hydroelectric plants there will be a certain 
amount of auxiliary power about the station which 
which must be supplied. In a hydroelectric plant 
the requirements for auxiliary power are not very 
exacting as to continuous operation unless motor 
pumps are supplied for the step bearings. Most 
other motors about such plants are for intermittent 
operation and may be taken care of by an auxiliary bus 
supplied by step-down transformers from the main bus. 

In a steam plant the continuous operation of many 
of the auxiliaries is of vital importance and since 
variable speed motors are supplied for many of the 
auxiliaries in order to obtain economical operation at 
part loads, direct-current motors are frequently used 
for part of the auxiliaries. At first sight, the best 
source of power for such auxiliaries would appear to 
be the exciter bus and, thus, the question of choice of 
excitation plans becomes involved with the other 
auxiliaries in the station. 

The earlier practise in this country was to operate 
all of the auxiliaries, such as the circulating water 
pumps, hot well pumps, feed pumps, stokers, draft 
fans, etc., by steam power. Thus, insuring an ample 
supply of exhaust steam to heat the main feed water. 
In some cases this provided too much steam and some 
steam had to be wasted and in any event the driving 
of many of the auxiliaries by individual steam turbines 
or engines is somewhat wasteful, since the small steam 
machines consume steam per horse power output at a 
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rate several times that of the main turbine. If a cer¬ 
tain number of pounds of exhaust steam is required 
to heat feed water it is evidently more economical to 
use that steam first in a large and efficient turbine, so 
as to get as many horse power as possible out of it 
before passing it into the feed water heater. Modern 
practise is now tending toward the operation of as 
many of the auxiliaries as possible electrically, par¬ 
ticularly on account of the convenience, reliability 
and freedom of repair of the electric motor itself, and 
partly on account of the high efficiency obtained by 
this method of operation, whether the electric power 
for the auxiliaries is derived from the main buses 
or from a separate auxiliary generating source of high 
efficiency. 

The main boiler feed pumps are usually run by 
steam, but if all the other auxiliaries are electrically 
operated, as appears to be the modern tendency, there 
will not be sufficient exhaust steam from the feed 
pumps to heat the feed water. If the electrical aux¬ 
iliaries are operated from the main bus feed water may 
be heated by bleeding the main turbine at an inter¬ 
mediate stage and drawing off sufficient steam to 
heat the feed water. This is an efficient method of 
operation, since the steam is used very efficiently 
in producing mechanical power in the main turbine 
before it is drawn off. Such an arrangement should 
be operated on the unit system; that is to say, with 
a certain bank of boilers supplying a certain turbine, 
the steam drawn from such a turbine should be used 
to heat the feed water for its own bank of boilers. 

This method has the disadvantage that in case of 
trouble on the main bus many of the station auxiliaries 
may be interrupted, although in modern stations with 
current limiting reactors on the feeders the experience 
has been that the bus voltage is not sufficiently lowered 
by a feeder short circuit to interfere with the oper¬ 
ation of the auxiliaries. 

The house turbine arrangement in which a house 
turbine with its own boilers supplying power to an 
auxiliary bus is installed for two main generating 
units or one house turbine for each main generating 
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unit in a very large plant, appears to possess many 
advantages. When the main units are 15,000 to 
30,000 kw. each, each house turbine may be 1000 to 
2000 kw., large enough to obtain efficiency in the use 
of st eam . The auxiliary bus may be connected by 
transformers to the main bus with automatic relay 
arrangements so that in case of trouble on the main 
bus the auxiliary bus is cut off and supplied only by 
its own power. 

This arrangement possesses the advantage that the 
supply of power for the auxiliaries, including' the 
excitation, is independent of the main supply and 
also the advantage that the heat balance is readily 
adjustable by adjusting the amount of power supplied 
by auxiliary generating unit, so that the amount of 
steam exhausted by it is just sufficient to bring the 
feed water to the proper temperature, the remainder 
of the auxiliary power being supplied from the main 
bus, which is operating in parallel. 

When such an auxiliary house plant is supplied, 
it is generally alternating current and the excitation 
for the main unit may be supplied from a motor- 
generator set run from the auxiliary bus. It would 
seem desirable that these exciter buses for separate 
uni ts of the power house should not be operated in 
parallel, but provision may be made for connecting 
them in parallel, and to obtain the greatest safety, 
a reserve exciter unit and storage battery with emer¬ 
gency bus may be supplied, to which any generator 
field may be connected. 

For the very largest steam station, such a plan 
appears desirable, but it is a still better plan, when 
auxiliary house plant is used, to supply the excitation 
for the main units from direct-connected exciters on 
the main units. There should still be installed a 
reserve exciter bus with battery and reserve exciter 
driven from the auxiliary bus, with automatic throw- 
over switches, so that in case of trouble with^any 
direct-connected exciter the field of that alternator is 
disconnected from the exciter and thrown on the re¬ 
serve excitation bus. With this plan the excitation 
is kept separate from other auxiliaries and the exciter 
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bus is not liable to trouble resulting from motor 
trouble; also the exciter and field connections are kept 
short and simple as possible. This plan has the 
further advantage that the a-c. voltage may be con¬ 
trolled by the exciter fields and the losses in the main 
field rheostats eliminated. It is desirable, however, 
to supply main field rheostats for emergency use. 

In connection with auxiliary house plant, generating 
alternating current for the supply of most of the 
auxiliaries, motor-generator sets have been installed 
fed from the auxiliary bus to produce direct current 
for the variable speed auxiliaries. This complication 
of an extra d-e. bus may be done away with if an alter¬ 
nating-current motor with good adjustable speed 
characteristics were available. Such a motor is now 
coming into use. It; is a three-phase commutator 
motor with three sets of brushes on the commutator 
and the speed is varied by shift ing the brushes, which 
may be done by distant control by a small motor 
geared to the brush shifting yoke. The motor has 
a series characteristic and is, therefore, well adapted 
for driving fans or centrifugal pumps, but. is not as 
good as an adjustable-speed shunt-wound motor for 
applications where it is desired to adjust the speed 
through a wide range and keep the speed constant 
for varying load. 

There has been some experience with such motors 
in continuous operation driving mine fans, which 
indicates that they are as good as direct, current 
motors with a possible disadvantage of more brush 
wear. Further experience will undoubtedly justify 
their use for the exacting requirements for power house 
service for such purposes as fans and centrifugal 
pumps. 
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In the design of direct-current generators for exciter 
work, there are a number of problems peculiar to this kind 
of service, the variety and importance of which have been 
considerably increased by the use of automatic voltage 
regulators. It is the purpose of this paper chiefly to 
discuss the relation of exciter design to some of these 
problems, such as voltage range, responsiveness, stability, 
and type of drive, with especial reference to the require¬ 
ments of automatic voltage regulators. 


Choice of Exciter Voltage, Voltage Range, 
and Stability 

T HE choice of exciter voltage whether 250 or 125 
volts, is not a matter of great importance in the 
majority of cases. There are some cases, however, in 
which it is more desirable to use one than the other. 
A given machine requires a certain kilowatt excitation 
regardless of the voltage, so that with the higher of the 
two voltages a lower current is required and conse¬ 
quently a smaller size of conductor must be used for 
the field coils. In machines of small capacity this may 
result in a wire of such small cross-section, and a coil 
of such large number, of turns that a large amount of 
coil space is taken up by the insulation. Trouble may 
also be experienced in high-speed machines, in support¬ 
ing the coil properly against centrifugal force. In 
such a case the use of 250 volts may be a real handicap. 
Small turbo-generators or other machines on which it 
is desired to use copper strap bent on edge for the field 
coils, also have a lower limit for 250-volt excitation on 


1595 








1596 


C. A. BOD DIE AND F. L. MOON 


[July 2 


account of the difficulty experienced in bending the 
thin straps to the proper shape. In some of the very 
large turbo-generators a limit is reached in the other 
direction. That is, if 125-volt excitation is used the 
current becomes so large that difficulties in current 
collection are encountered. In order to accommodate 
a large current it becomes necessary to equip the 
machine with a heavy collector and a large number of 
brushes, which usually results in higher maintenance 
costs with the high collector speeds involved. In 
general, the larger alternators should have 250-volt 
exciters and the smaller ones 125-volt exciters. 

The question of exciter voltage range does not arise 
when the a-c. generators are excited from a constant 
voltage bus, since in that case the exciters are required 
to operate at one voltage only. This condition also per¬ 
mits operating the exciters well above the bend in the 
saturation curve, so that good stability is obtained. But 
when the alternator excitation is controlled by varying 
the exciter voltage, the factors of voltage range and sta¬ 
bility require consideration. In alternators of modern 
design the range of exciting current required at unity 
power factor is approximately 1J4 to one; and about two 
to one at 80 per cent, power factor. This means a range 
in exciting voltage of about 2}/£ to one at 80 per cent 
power factor; and in more exceptional cases the range in 
exciting voltage may reach three to one. A still greater 
range in exciting voltage may be required by generators 
or synchronous condensers which have to supply charg¬ 
ing currents to transmission lines at light load. Here a 
range in exciting voltage down to the residual voltage of 
the exciter may be required. 

Standard regulators of the Tirril type are usually ar¬ 
ranged for a voltage range of two to one or 2J^ to one. This 
is the range over which the d-c. control magnet and the 
rheostat shunting relays function properly. If the reg¬ 
ulator has an a-c. vibrating magnet in place of the d-c. 
control magnet, and a source other than the exciter is 
available for energizing the shunting relays, the range 
over which the regulator is operative extends down to 
residual voltage. Attention should be given to the per¬ 
formance of the exciter over a range somewhat exceeding 
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that for which the regulator is designed. When operat¬ 
ing near the “full field” or maximum voltage point of the 
exciter, the time during which the field rheostat is cut in 
is very small compared to the time during which it is 
short-circuited. This means that the shunting relays 
are open a very small proportion of the time, and un¬ 
satisfactory operation is the result. As a consequence it 
is the practise to leave a certain margin of maximum volt¬ 
age over the highest voltage required for the main gener¬ 
ator fields; this margin is usually 10 or 15 volts for 125- 
volt exciters and 20 or 30 for 250-volt exciters. 

The principal factors upon which the voltage range of 
an exciter depends, may be seen from a study of Fig. 1. 
Let OB represent the rela¬ 
tion between fiel< 1 current 
and voltage applied to the 
field circuit with the field 
rheostat short-circuited; and 
00 that with the field rheo¬ 
stat cut in. With the rheo¬ 
stat cut out, the voltage and 
field current will rise to val¬ 
ues corresponding to the in¬ 
tersection 1\ When the rhe¬ 
ostat is cut in the voltage 
drops to a small, definite value, but not to zero since the 
saturation curve really does not pass through the origin 
but crosses the vertical axis slightly above it owing to the 
remanent magnetism. When the machine is connected to 
a load, say a fixed resistance, the saturation curve is 
tipped to the right on account of the internal drop. The 
maximum voltage which can be obtained in tins ease, is 
the ordinate of the intersection P'. if the exciter has a 
differential series winding the shunt field current must be 
increased to counterbalance the bucking series ampere 
turns, so the load saturation curve takes a position still 
further to the right, say OK. The maximum exciter 
voltage obtainable in this case is still less. If the exciter 
has a cumulative series winding, the shunt field current 
for a given voltage is reduced so the saturation curve is 
moved to the left, and has some such position as OP. 
A greater maximum voltage and field current is obtained 
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in this case, depending upon the intersection P r/ . The 
curve OF may cross the resistance line OC at a consider¬ 
able voltage, as at P". In such a case the exciter voltage 
could not be reduced below the value OG. If the resist¬ 
ance of the field rheostat is increased sufficiently the an¬ 
gle YOC will be reduced, and OF and OC can be made 
to cross only at residual voltage. It is thus evident that 
the effect of load and differential series windings is to re¬ 
duce the maximum voltage and field current; while cum¬ 
ulative series windings increase the maximum voltage 
and field current, but if strong enough may greatly in¬ 
crease the minimum voltage obtainable. 

When regulator operation is used, no difficulty in 
operating on the straight part of the exciter saturation 
curve arises. The exciter voltage rises and falls period¬ 
ically over a small range, no attempt being made to hold 
the voltage at a fixed value. When hand control is used, 
attention must be given to the question of stability. 
Direct-current generators usually are operated above the 
bend in the saturation curve, as it is considered necessary 
to operate at a point where the terminal voltage increases 
much less than in proportion to the excitation, in order 
to insure stability. Undoubtedly this is an important 
consideration where the generators are to supply power 
to constant potential circuits and at varying loads. But 
the conditions are more favorable when the load is an 
alternator field. Such a load is subject only to slow 
change due to heating, and sudden fluctuations are alto¬ 
gether absent. Besides, it is 
generally necessary to main¬ 
tain low exciter voltage only 
for infrequent and brief in¬ 
tervals. Suppose OA, Fig. 2, 
to be the exciter saturation 
curve for constant resistance 
load, and OB the position of 
the volt-ampere characteris¬ 
tic of the shunt field. When 
permitted to build up, the 
voltage will rise to the point 
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P and stop. It is evident that a moderate change 
in the position of the saturation curve, such as would 
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result from a .change in speed or a change in load, 
would have a small effect on the voltage. If the shunt 
field resistance is increased until OB assumes the position 
OB', the new intersection is P' and the terminal voltage 
assumes a value corresponding to this point. Under 
this condition a change in speed or load would make more 
difference in the terminal voltage than before, for at P' 
the slopes of OB' and OA are not very different. At this 
point also a slight change in the resistance of the shunt 
field circuit would make a larger difference in the termi¬ 
nal voltage, and for the same reason. This indicates 
that the exciter field rheostat should have rather fine 
stops in order to obtain closer adjustment of exciter volt¬ 
age. The influence of load changes can be minimized 
by having a certain amount of series field in the exciter. 

The voltage stability of an exciter can be improved to 
a certain extent if necessary by making the saturation 
curve bend away from the “air gap line” at a much lower 
voltage than normal. The principle employed is to bring 
about progressive saturation in some parts of the mag¬ 
netic circuit. Suppose two portions of the magnetic cir¬ 
cuit A and B (Fig. 3) are 
separated by a small distance, 
but are connected by a cer¬ 
tain amount of magnetic ma¬ 
terial. At low inductions the 
reluctance of the path d, will 
be very low; but at high inductions the reluctance will 
approach that of an air gap of the length d. Thus a 
virtual increase in the air gap length may be produced 
at relatively small values of total flux. At a higher value 
of flux another part of the circuit may be made to sat¬ 
urate. In this way a saturation curve which bends con¬ 
tinually from half normal voltage or less can be pro¬ 
duced. It is impracticable to improve the stability by 
this means below one-half of normal voltage. This in¬ 
creased saturation necessitates a more expensive exciter; 
and if automatic voltage regulating equipment were used, 
it also would be larger and more expensive. 

Responsiveness 

The matter of responsiveness is of interest only when 
automatic voltage regulators of the Tirril type are em- 
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ployed. By responsiveness is meant the quickness with 
which the machine voltage responds to changes in the 
field circuit resistance or exciting voltage. As a measure 
of this we might use the time-rate of change of exciter or 
alternator voltage when its field resistance is suddenly 
varied by a certain percentage; or for the complete unit 
of alternator and exciter, we might take the time-rate of 
change of alternator voltage (r.m.s. value) for a certain 
percentage change in the exciter field circuit resistance. 
Obviously no very definite values can be assigned to this 
quantity as it is affected by many variables such as the 
voltage, load, and power, factor. Responsiveness is a 
matter of interest regardless of the size of the equipment 
and the character of the load. A prevailing opinion is 
that a large plant does not require such rapid response 
from an exciter as a small one, since the load changes are 
usually more gradual. In reality, a more responsive ex¬ 
citer is needed to make up for the inherently great slug¬ 
gishness of large generating equipment. When a slow 
exciter is used in connection with such a plant, which is 
inherently slow on account of its size, it becomes neces¬ 
sary to damp down the main control of the regulator to 
prevent hunting, to such an extent that the general .re¬ 
sponse of the system is but little better than with han'd 
regulation. If the load changes are slow, this may impose 
little hardship except when handling the regulating equip¬ 
ment as when taking a machine off the line. The readi¬ 
ness with which changes can be made by the operator 
and the general reliability of the regulating system, are 
impaired by extreme sluggish¬ 
ness. 

To understand the dnflu 
ence of various factors upon 
the responsiveness of exciters, 
requires a consideration of g 
the basis upon which an S 
automatic voltage regulation :> 
system works. Referring to 
Fig. 4, let OA represent the 
no-load magnetization curve 
of a self-excited d-c. machine. 

Suppose OB to represent the relation between applied 
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voltage and current in the field winding. If at a given 
instant the field current is OS, the resistance drop in the 
field winding is ST, which is less than the voltage devel¬ 
oped in the armature by the amount TU. This excess 
voltage compels the current to increase, and this change 
in current results in an inductive counter e.m.f. which 
just balances the voltage TIL As the current increases 
the excess voltage measured by the separation between 
OB and OM (referred to as the “lower opening”) also in¬ 
creases, and the rate of increase being proportional to 
the voltage compelling such increase, the current rises 
faster and faster. Assuming constant inductance, it is 
easily proved that the current varies in proportion to 
e ft — Z. The change of current with time is represented 
by OA of Fig. 5. Under the assumptions made, this also 
represents the variation in the machine terminal voltage. 
Suppose resistance is added in the field circuit so that the 
new volt-ampere characteristic coincides with OC of Fig. 
4. When the field current is OS the resistance drop in 
the field is SV, which exceeds the voltage generated in 
the armature by the amount UV. Obviously the current 
cannot remain at the value OS, but must diminish, the 
rate of decrease being sufficient to cause an inductive 
counter e.m.f. which balances UV. The excess voltage 
(referred to as the “upper opening”) becomes less and 
■less as the current falls, so the rate of decrease becomes 
less. Accordingly the current variation in this case fol¬ 
lows the law an d 

may be represented by BC 
of Fig. 5. 

The conditions in an 
actual machine would differ 
■from the preceding in sev¬ 
eral respects. In reality 
there are two branches of 
■the magnetization curve, 
owing to hysteresis. Also, 

“the magnetization curve 
would not continue indefi¬ 
nitely as a straight line, but would bend over to the 
right and become flat as at A in Fig. 4. The effect of 
saturation is to lessen and finally to reduce to zero the 
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margin of voltage tending to increase the field current, 
so that the rate of current increase becomes less and less, 
as indicated by DEF of Fig. 5, and reaches a steady value 
which is determined by the intersection P, of OA and 
OB in Fig. 4. And the voltage tending to reduce the 
current when additional resistance is inserted in the field 
circuit, is increased, so the field current would fall off 
faster as indicated by GHL of Fig. 5. Since the terminal 
voltage does not increase at the same rate as the field 
current when saturation is approached, the time rate of 
increase of terminal voltage would follow along DJF of 
Fig. 5; and since the voltage does not fall as fast as the 
field current when the latter is decreasing, the corre¬ 
sponding curve of e.m.f. variation would be near GKL. 
It should be observed that the time required for the cur¬ 
rent to fall from maximum to minimum may be quite 
different from that required for the current to build up 
from minimum to maximum, difference depending large¬ 
ly upon the relative difference in slopes between OB and 

OM, and between OM and OC. 

When a vibrating type of regulator is used, a shunt 
path about the exciter field rheostat is opened and closed 
alternately as a result of which the exciter field current 
and voltage periodically rise and fall. When the shunt¬ 
ing relay contacts are closed the field resistance line may 
coincide with OB (Fig. 4); and with OC when the con¬ 
tacts are open. For a given percentage time of closure of 
the contacts the resistance line may have the mean position 

ON, for example, and the resulting mean voltage would 
correspond to the intersection P'. On account of the 
great electrical inertia of the main field, a relatively large 
change in the exciter voltage produces only a small vari¬ 
ation in the main field current. Under steady load con¬ 
ditions the variation in exciter voltage and main field cur¬ 
rent might be approximately as indicated in Fig. 6 (ex¬ 
aggerated for the sake of clearness). The curve, 1-2-3- 
4-5-6 represents the variation in exciter voltage; the vari¬ 
ation in exciter field current would be somewhat greater 
owing to saturation, so it might vary as indicated by 
l-2'-3-4'-5-6'. The change in main generator field cur¬ 
rent would be relatively much less, as indicated by curve 
AB. The IR drop in the main field circuit is proportional 
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to the main field current, so it may be represented by 
curve CD whose ordinates are proportional to those of 
AB. The vertical separation between CD and 1-2-3-4- 
5-6 is the voltage at any instant tending to change the 
main field current. From a to 2 this excess voltage is 



Time - 


Fig. 6 

increasing, so the main field current is increasing at an 
increasing rate; beyond 2 and extending to b the excess 
voltage still tends to make the main field current larger, 
but at a diminishing rate of increase which ceases when 
b is reached, since the excess voltage becomes zero at 
that point. Similarly, over the range b-3-c the exciter 
voltage is insufficient to maintain the main field current 
at its original value, so the latter diminishes. Instead 
of steady conditions suppose an increased load is sudden¬ 
ly thrown on the system. The tendency of the station 
■voltage is to drop acts through the regulator to keep the 
exciter field rheostat short-circuited a greater percentage 
of the time, and the exciter voltage and main field cur¬ 
rent attain higher mean values. In attempting to bring 
the voltage to normal the regulator overshoots and the 
new mean values of exciter voltage and main field cur¬ 
rent are reached after several oscillations. This effect is 
indicated in Fig. 7. 

The quickness with which the exciter voltage responds 
to the impulses of the regulator depends upon the inter¬ 
linkages of flux and turns in the field circuit and upon 
the separation between the saturation curve and volt- 
ampere characteristic of the field circuit. In fact, the 
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time-rate of change of the exciter terminal voltage in per 
cent of normal voltage can be proved equal to the in¬ 
stantaneous difference between the terminal voltage and 
the IR drop in the field circuit, divided by the interlink¬ 
ages of flux and turns at rated voltage. The number of 



_ • _ Time .> _ 

Fig. 7 

interlinkages is found by multiplying the field winding 
turns connected in series by the flux per pole including 
leakage flux. The effective “opening” between the mag¬ 
netization curve and resistance line is influenced by sev¬ 
eral factors. The effect of hysteresis is to reduce the 
“opening.” Cumulative series field windings increase 
the “lower opening” and decrease the “upper opening,” 
differential series has the opposite effect. The result of 
armature reaction is to reduce the “lower opening and 
increase the “upper opening.” Usually some portion of 
the magnetic circuit such as the yoke, and perhaps the* 
poles, consist of solid conducting material. When the 
field current varies, such parts act in a measure as a 
short-circuited secondary winding of a transformer. The 
effect of the induced currents amounts to a reduction in 
the upper and lower “openings.” 

The'.closeness with which the exciter load current fol¬ 
lows changes in its terminal voltage, has an influence 
upon the responsiveness of the exciter. In Fig. 8, let 
OA represent the no-load magnetization curve; and OB 
the magnetization curve for constant resistance load such 
as a generator field. Owing to the magnetic inertia of the 
main field, considerable variations up or down in the ex-; 
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citer voltage can occur without material change in the 
field current of the main generator. As a result the sat¬ 
uration curve really apply¬ 
ing is that for constant- 
current load, such as MN for 
a decreasing voltage, or RS 
for an increasing voltage. 

This results in a greater open¬ 
ing between the saturation 
curve and field resistance line 
than would otherwise exist 
with a pure resistance load, 
so the response to the regu¬ 
lator impulses would be ex¬ 
pected to be quicker. That 

exciters respond more rapidly with inductive load than 
with non-inductive load is borne out by experience. 



Parallel Operation of Exciters 

In generating plants it is often the practise to operate 
exciters in parallel. When hand regulation is used, this 
does not involve any problems other than those met with 
in parallelling other d-c. generators; but if the exciters are 
under regulator control, more things are involved owing 
to the range of voltage over which the machines must 
operate. When two or more units, each having its own 
regulating device or under hand control, are run in paral¬ 
lel, a certain fundamental condition must be met; other¬ 
wise instability resulting in surges will result. This prop¬ 
osition is not limited to d-c. generators, but applies to 
all equipment operated in parallel, such as steam engine 
governors, waterwheel governors, a-c. generating units, 
and voltage regulators. This essential condition is that 
the quantity being regulated must have at the point 
where the parallel units are tied together, a drooping 
characteristic with reference to load. As this principle 
frequently is not understood, a simple illustration is 
given. . 

.Assume two steam engines mechanically locked to the 
same line shafting, each;buying,its own governor, and 
assume load to be taken |rqm this common shaft. En- 
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gines driving alternators operated in parallel are locked 
together electrically, and the two engines must rotate 
revolution for revolution just as rigidly as if they were 
mechanically locked to the same shaft. Suppose the 
governors to be so adjusted that each unit has the same 
speed at no load as at full load. In practise, this con¬ 
dition is difficult to attain, unless a special restoring 
mechanism is used to prevent hunting. Nevertheless, 
it is possible to produce a governor which will maintain 
at constant speed under all conditions or even give a rising 
characteristic when operated alone. Such a combination 
as the above will not operate in parallel with another be¬ 
cause it is in unstable equilibrium, there being no force 
to control the distribution of load between the units. 
That the system is unstable becomes apparent if we as¬ 
sume one governor to be adjusted for a slightly higher 
speed than the other. If the common shaft is revolving 
at a speed which is correct for the low-speed governor, it 
will be too slow for the high-speed governor which will 
accordingly cause its steam valve to open in an attempt 
to raise the speed. But any increase of speed will cause 
the low-speed governor to close its valve in its attempt 
to run at its own speed. This results in the low-speed 
governor shutting its steam valve entirely, and therefore, 
carrying no load while the high-speed governor throws 
its steam valve wide open and attempts to carry the en¬ 
tire load. This will be the result, no matter how slight 
the difference in governor settings. Even if the two gov¬ 
ernors could be adjusted for exactly the same speed, and 
each engine were carrying its proper share of the load, 
anything which disturbed this division of load would re¬ 
sult in a redistribution which might be anything. For 
as long as the main shafts are rotating at the speed re¬ 
quired by the governors, these governors would be in 
equilibrium independent of the opening of either steam 
valve, and, therefore, either engine might carry all or 
none of the load, or any proportion of it. 

In practise the method of compelling two units to 
operate stably in parallel is to introduce an inherent 
droop in the regulation curve. It has been found neces¬ 
sary to adjust governors so that the drop in speed, from 
no load to full load, is 2 per cent or more. The more the 
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inherent droop, the greater the tendency toward sta¬ 
bility, and vice versa. That this inherent droop is a sta¬ 
bilizing influence can be seen by reference to our steam 
engine example. Suppose, in the foregoing, each gov¬ 
ernor were adjusted for a 4 per cent drop in speed, from 
no load to full load; then when they are locked together 
on the common shaft, if such a load is taken from this 
shaft as to lower the speed 4 per cent, each engine would 
be working at full load. If the shaft slowed down only 
2 per cent the valves would both be open to the half load 
position. That is, the load carried by each engine is a 
direct f un ction of its speed. Suppose also that No. 1 
machine momentarily took more than its share of the 
load, due to a temporary opening of its steam valve. 
This would tend to speed up the shaft, which increase in 
speed would cause No. 2 governor to close its steam valve 
in proportion to the increase in speed, which would, 
therefore, throw still more load on No. 1 engine. This 
process of unloading No. 2 machine and loading No. 1, 
would continue until equilibrium is reached. The re¬ 
action differs fundamentally from that in which no in¬ 
herent droop is assumed, in that there is a definite valve 
position for each engine for every speed, and stability of 
operation results; any tendency to shift load is checked 
by the mutual action of the governors. 

In applying this theory to exciters, we see that the 
first essential is that the exciter tend to shirk its load; 
that is, when it takes more than its share of the load 
momentarily, this must result in a drop in the terminal 
voltage with a consequent tendency to drop the excess 
load. This condition is generally fulfilled in shunt ma¬ 
chines by the internal voltage drop; this drop makes the 
terminal voltage fall off with increase in load. "This con¬ 
dition is not inherently present in compound machines 
u nl ess the so-called equalizer is used. Without the latter 
a change in load produces a change in voltage which ac¬ 
centuates the load change; hence it will not operate sta-; 
bly, but is likely to drop its load entirely or take an ex¬ 
cessive load. When an equalizer of low resistance is 
provided, the series field strength is determined by the 
total load, and not by the load on the machine in ques¬ 
tion. If one m achine robs another of load ? the excitation 
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of the former does not increase, but its voltage dimin¬ 
ishes owing to the increased internal drop, and it tends 
to drop some of its load. 

Suppose two compound generators are running in par¬ 
allel, one of which is a low-speed non-commutating-pole 
machine with relatively high internal drop, and quite 
saturated, and the other a high-speed commutating-pole 
machine with relatively small internal drop and little 
saturated. The latter machine will have but little tend¬ 
ency to shirk its load; furthermore, owing to the impos¬ 
sibility of providing an equalizer of zero resistance, an 
increase in load on this generator may result in a slight 
increase in series field ampere-turns, and because of little 
saturation this may have sufficient effect on the voltage 
to overcome the internal drop. As a result its voltage 
may increase slightly if it takes load from the other ma¬ 
chine; and it will be very liable to take all of the load. 
The unstable condition may also arise from overcom¬ 
pensated commutating poles or from a backward brush 
lead. To remedy such instability it is necessary to in¬ 
crease the drop in the machine (for constant series exci¬ 
tation) as by use of a series resistance, vt a bucking series 
winding connected inside the equalizer, or a slight for¬ 
ward shift of the brushes if commutation permits. A 
similar unstable condition may arise with shunt machines 
of the high-speed commutating-pole type, especially 
when working low on the saturation curve as is sometimes 
necessary with exciters. The inherent internal droop 
being very small, any slight disturbance may cause one 
machine to drop its load and another to take it all. To 
ensure proper load division, remedies similar to those just 
mentioned must be applied. 

Exciters arranged for parallel operation under regula¬ 
tor control, are adjusted to give the same maximum volt¬ 
age under load. Then under short-circuit conditions 
when the regulating rheostats are shunted out, the excit¬ 
ers build up to the same maximum voltages, and share 
the load properly, cross-currents between them being 
avoided. In Fig. 9 are plotted two saturation curves of 
exciters in terms of terminal voltage and percentage of 
maximum ampere-turns. Having the same maximum 
voltages, the two saturation curves have a common in- 
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tersection at P, and the lower resistance lines coincide. 
As these machines may have differently shaped satura¬ 
tion curves, the effective resistance lines ON and ON , 
which give the same stable operating voltage E, may be 
some distance apart. Now, 
the two exciters being un¬ 
der control of the same 
regulator, the percentage 
time during which the 
regulating rheostats are 
shunted, must be the same. 

Hence for the effective 
value of the rheostat re¬ 
sistance to be different in 
the two cases, the total 
must be correspondingly 
different. This is taken 
care of in an approximate way by turning in enough of 
the regulating rheostat to make the time required for the 
voltage to drop from 125 to 30 volts about the same as 
that taken for the voltage to build up from 30 to 125 
volts. Such marked differences in the shape of exciter 
saturation curves, however, are seldom found. 

Under steady conditions the question of exciter re¬ 
sponse has little to do with the matter of parallel opera¬ 
tion. At times when swings in exciter voltage take place 
in response to regulator impulses, the load division may 
be affected by this factor. If the exciter bus voltage 
rises from 60 to 110 volts suddenly for example, and the 
voltage of one exciter rises much more rapidly than an¬ 
other, the former will momentarily take more than its 
share of the load. For this reason good armature sta¬ 
bility is desirable when exciters in parallel are under reg¬ 
ulator control. 

Compound vs. Shunt Field Windings 

The question of series field windings for exciters arises 
because of their relation to the performance of the reg¬ 
ulating equipment and their effect upon the stability and 
reliability of parallel operation. 

* The general effect of series windings upon the action 
of the regulating equipment may be inferred from their 
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influence upon the saturation curves. From Fig. 1 it 
may be seen that cumulative series results in an increased 
opening between the saturation curve and lower field 
resistance line. It therefore tends to increase the rate of 
building up. But the “upper opening” is greatly re¬ 
duced, especially at lower voltages, so the rate of decay 
of the exciter voltage is reduced; and on the lower part 
of the range the regulator may have very poor control of 
the voltage unless an excessive amount of resistance is 
turned in the regulating rheostat. And if there is 
much series, it may be absolutely impossible to reduce 
the voltage sufficiently. A differential series winding has 
the opposite effect, in that it increases the upper open¬ 
ing, and reduces the lower opening and maximum volt¬ 
age. 

With any considerable cumulative series windings; dif¬ 
ficulty with polarity reversal may be experienced. If a 
compound exciter is thrown on the bus while its voltage 
is less than the bus voltage, or if some action takes place 
which reduces its voltage below that of the bus such as a 
momentary drop in speed, a sudden reversal of current 
through the machine may take place. This current rush 
is likely to buck out the field flux and reverse the residual, 
as well as kick out the breaker. If the breaker has no 
overload trip, the machine may be seriously damaged, 
or perhaps run away; even a shut-down of the station 
may result. 

In general, any considerable amount of series field 
winding in an exciter is a detriment from the voltage 
regulator standpoint. Exception should be made in the 
case of non-commutating-pole exciters having the 
brushes shifted forward, which introduces a demagnet¬ 
izing component of armature reaction. Sufficient cumu¬ 
lative series windings to balance this component of ar¬ 
mature reaction are entirely permissible, and are in fact 
an advantage since less shunt field current is then re¬ 
quired. In broad range regulating it is quite essential to 
have the demagnetizing component of the armature re¬ 
action neutralized by a series field winding, to avoid the 
possibility of polarity reversal. Suppose the exciter 
voltage is rapidly falling to zero owing to the regulator 
opening the contacts across the field rheostat. On 


1920] C. A. BODDIE AND F. L. MOON 1611 

account of the inertia of the main field the exciter load 
current does not fall off proportionately, but hangs on; 
so when residual voltage is reached, there is still con¬ 
siderable armature current, and the demagnetizing 
effect of this is liable to reverse the residual magnetism. 
This results in the voltage building up with the opposite 
polarity. Sufficient series field turns to counterbalance 
the demagnetizing component of armature reaction, will 
prevent such polarity reversal. In the smaller sizes 
of d-c. generators only compound-wound machines are 
kept in stock. Hence it may be desirable in the case 
of small exciters to purchase standard compound-wound 
machines because they can be obtained quickly; but 
even in such cases it is usually possible and is preferable 
to disconnect the series winding and operate the exciter 
shunt wound. 

Omission of Main Field Rheostats 

From several standpoints it would be desirable to 
omit the main field rheostats. They waste considerable 
energy; they may occupy considerable space, as much 
as 200 cubic feet in some instances, and the cost of a 
large rheostat may amount to several thousand dollars. 
In general terms, the main rheostat is required for the 
purpose of adapting a constant voltage source of excita¬ 
tion to the varying excitation requirements of the 
alternator. Obviously, if the rheostat is omitted, a 
suitable means of varying the exciting voltage must be 
provided in its stead; as for example a separate exciter 
for each alternator, or a boosting and bucking series- 
connected generator in the. alternator field circuit. 

The booster may form a desirable substitute for the 
rheostat, particularly when a broad range in exciting 
voltage is required. It has an advantage over the 
rheostat in that it can either buck or boost the voltage 
of the exciter bus so that it eliminates an appreciable 
part of the power loss, and occupies a small amount of 
space. This scheme is more likely to be suitable when 
the main units are very large and few in number, and 
the exciter is used to supply power for station lights or 
auxiliaries, or it is desired to float a storage battery on 
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the exciter bus. Automatic voltage regulation could be 
obtained by providing a regulator to control the booster 
field. 

Ordinarily the question of omitting the main field 
rheostats arises only in the case of a station having a 
separate exciter for each main unit. When separate 
exciters are provided, it is possible, and customary, to 
vary the excitation of the main generator, by adjusting 
the voltage-limiting rheostat of the exciter. The main 
field rheostat is ordinarily all turned out except when 
the voltage across the main field at no load, normal 
voltage, is less than the minimum for which the regulator 
was intended; in such a case a small amount of resistance 
must be turned in, and a main rheostat is thus necessary. 
There is.some advantage in this condition in that the 
response of the alternator voltage to changes in the 
exciter voltage is quickened. 

Regulators must be taken out of service occasionally, 
and then hand regulation must be resorted to unless 
spare regulators are provided. When synchronizing a 
machine or taking it off the line, and sometimes for other 
reasons, a low excitation voltage is required; if this low 
voltage is obtained by adjusting the exciter field rheo¬ 
stat, it means working the exciter at a low voltage. If 
the exciter is of normal design this involves working on 
the straight part of the saturation curve. For reasons 
already referred to, rather unsatisfactory control over 
the exciter voltage is obtained under this condition. 
Where the maximum reliability and ease of control is 
desired, sufficient adjustable resistance should be placed 
in series with the main field to make it unnecessary to 
operate on the straight part of the exciter saturation 
curve. 

The matter of reserve excitation equipment should be 
considered. A storage battery or an auxiliary exciter 
set may be provided for use in emergency. The voltage 
of a storage battery cannot be varied over much of a 
range, and a rheostat in series with the alternator field 
is needed in order to adapt the voltage of this source to 
the needs of the alternator. If it must be possible to 
excite two or more generators at one time from this 
storage battery, the situation is similar to the central 
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direct-current system, so far as need of field rheostats 
is concerned. It might be thought that the voltage of 
an auxiliary exciter could be adjusted to suit a par¬ 
ticular generator, but if it must be possible to excite 
more than one generator from this source, at the same 
time, main rheostats must be provided just as in the 
case of exciters operated on common bus. 

Limitations Imposed by Automatic Regulators 

It has been mentioned that a responsive exciter is 
essential to the satisfactory performance of automatic 
regulating equipment. A further important character¬ 
istic the exciter should possess is moderate field current. 
This arises from the fact that only a limited value of 
current can be properly handled by the shunting relay 
contacts. Owing to a slight amount of inductance in 
the section of resistance to which the contacts are con¬ 
nected, the current through the contacts does not in¬ 
stantly fall to zero when the contacts start to separate; 
and the result is that a small arc forms. A small amount 
of sparking of this sort normally takes place during 
operation, and causes no injury. If the section of the 
rheostat shunted by the relay contacts is relatively 
large, the increased amount of inductance has a tendency 
to make the arc more persistent. Also, with more 
resistance, the voltage across the latter builds up to 
a higher value as the contacts open, and tends to main¬ 
tain the arc. With excessive current the arc does, not 
diminish as the contacts open, but generates enough 
heat to maintain the arc. By dividing the rheostat 
into a greater number of sections and placing a pair 
of contacts across each section, the inductance per 
section and the voltage drop per section are reduced, 
and the tendency to spark thereby lessened. Some 
gain also may be had by winding the resistance non- 
inductively.” Condensers connected in shunt to the 
contacts, serve to absorb the current when the contacts 
start to open, and cause an appreciable lessening of the 
arcing; but beyond a certain point they do not improve 
conditions. 

Generally no gain can be obtained by operating 
contacts in parallel. There is no action present to make 
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the two pairs share the current upon opening, and one 
pair is likely to have to break the full current. If one 
pair of contacts takes more than its share of current the 
voltage drop in the arc would decrease, while the drop 
in the parallel arc would increase; so the first arc would 
take still more than its share of the current. Any 
resistance or inductance inserted in series with each of 
the contact pairs would promote proper load division, 
but would defeat the very purpose of the contacts which 
is to short-circuit a portion of the rheostat. 

With the type of shunting relay contacts in use a 
maximum current of about 22 amperes cannot in general 
be exceeded without flashing of the contacts as a result. 
However, if the block of resistance to which the pair of 
contacts is connected is abnormally small, such as 
one-half ohm or less, the resistance of the leads to the 
contacts becomes appreciable by comparison, and the 
limit is somewhat higher. Flashing at the contacts is 
likely to bum them so severely that the shunting 
relays must be taken out of service. On this account 
in some plants having exciters with excessive field 
currents, much trouble must be taken to avoid flashing 
of the relay contacts. A glaring example is to be found 
in one plant where the exciters have such large field 
currents that the exciting voltage cannot be raised 
above 90 volts, while the regulator limits the minimum 
voltage to 70 volts. Hence considerable hand control 
or adjustment is required, which aims to keep the 
regulator operating at near 80 volts. In fact many of 
the supposedly successful regulator installations are 
so made that even moderate load changes require 
readjustment of the exciter or main field rheostats, 
and most of the regulation is hand regulation. 

The shunting relay contacts are most likely to be 
overloaded and flash over at time of short circuits on 
the system. The low a-c. voltage at such a time causes 
the regulator to keep the exciter rheostat short-circuited 
continuously, so the exciter voltage and field current 
build up to the maximum of which the machine is capable. 
It is apparent from this that the maximum exciter field 
current should be kept within the safe capacity of the 
shunting relays. 
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It has already been shown that the responsiveness of 
an exciter depends upon the “opening” between satura¬ 
tion‘curve and field circuit resistance lines, the number 
of turns in the field circuit, and the flux linked with 
those turns. But little can be done to improve the 
response by increasing the opening or by reducing the 
amount of flux; that is, little can be gained by varying 
the design proportions. The chief possibility lies in a 
reduction of the number of turns in the shunt field 
winding. This is more apt to become necessary with 
exciters built on large frames. Yet, since a reduction 
in the number of turns means a corresponding increase 
in the field current, the limit imposed by the shunting 
relays may be exceeded; to avoid this difficulty the 
current may be divided up among two or more separate 
circuits. This may be accomplished by winding the 
field coils with several conductors in parallel; or a series 
parallel connection of the field coils may be used, which 
will give an equivalent result. Each circuit as thus 
obtained would have its own rheostat and shunting 
relays. Very satisfactory results can be secured in 
this way, as experience indicates. 

Direct-Connected Exciters 
Driving the exciter by connecting it directly to the 
main unit, should be seriously considered in many cases. 
This method is particularly applicable when individual 
exciters are wanted, or when a very simple type of drive 
is desired. Where the main unit is isolated such as a 
synchronous motor or condenser or a small generator 
is likely to be, it has strong advantages. From the 
exciter standpoint the advisability of using this method 
of drive is mainly dependent upon the speed of the main 
unit. 

Small low-speed engine-type or waterwheel units 
usually do not have direct-connected exciters on account 
of cost. There are several reasons for the relatively 
high cost. Small generators at such low speeds, require 
an exciter kw. capacity which is a considerable per¬ 
centage of their own rating, and relatively much larger 
than a high-speed machine requires. Furthermore, the 
size of an exciter for a given kw. rating increases even 
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faster than its speed is reduced; as a result the exciter 
becomes excessively large for its kw. rating if the speed 
is very low. It being usual for the exciter to be over¬ 
hung on the main shaft when direct-connected, the 
mechanical parts of the main unit may have to be 
strengthened up considerably in some cases to provide 
the necessary support for the exciter; this of course 
increases the cost. For these reasons it is more usual 
to use a belted exciter, if the exciter is to be driven from 
the main unit. 

For small belted alternators, or those driven by 
steam turbines through reduction gears, or coupled to 
high-speed waterwheels, direct-connected exciters are 
economical. As the capacity of the alternator is in¬ 
creased, the speed at which direct-connected exciters 
become economical, drops lower and lower. The 
generators used in high-head water power plants, 
synchronous condensers, and frequently synchronous 
motors, operate at speeds which are high relative to the 
rating, and direct-connection of exciters is very satis¬ 
factory from the cost standpoint. 

For large generating units in low-head power plants, 
direct-connected exciters are quite economical. But 
another factor enters in this case owing to the relatively 
large physical dimensions of the exciter; this element is 
sluggishness toward the impulses of an automatic 
voltage regulator. There has been some feeling in the 
past that this was an inherent objection to the use of 
large exciters where automatic voltage regulation was 
desired. However, entirely satisfactory response can 
be obtained by parallel circuits in the shunt field though 
some increase in size of regulating equipment is required; 
the objection that such machines are too sluggish has 
thus been practically removed. 

In the case of turbo generator units the high speed 
deters the use of direct-connected exciters. Exciters of 
this type for 3600 rev. per min. turbos are difficult to 
build, expensive, more difficult to maintain and less 
reliable than moderate speed generators. For very large 
units which have a lower speed, 1800, 1500 or 1200 
rev. per min., direct-connected exciters are much more 
feasible, and are frequently used. 
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Discussion on “The Application ofD-C. Generators 
to Exciter Service” (Boddie and Moon), White 
Sulphur Springs, W. Va., July 2,1920. 

R. E. Doherty: I wish to mention a few points in 
connection with the authors comments upon the time 
that it takes an exciter to build up. I was unaware 
that there was such widespread confusion regarding 
the factors that make these exciters vary, some slow 
and some fast. If it is so, it cannot be charged to the 
lack of literature on the subject. The works by 
Steinmetz, Karapetoff, Berg and others explain that 
phenomenon very clearly. 

There is one other point. In the matter of the equa- 
tion given for the fundamental relation connecting the 
resistance and inductance and time. The authors arrived 
at the conclusion that to change the time it was nec¬ 
essary to attack L, and to do that, you must change the 
number of turns. I would just like to call attention to 
the fact that might be done also by putting resistance 
in series with the field circuit. It is the matter of the 
ratio of L/R and that can be increased by adding re¬ 
sistance in series with the field circuit. 

Another point is that it is not a matter of number of 
turns, but rather one of pounds of copper. In the 
same magnetic circuit of roughly the same configuration 
that is, a coil of the same configuration, you can get the 
same L/ R whether you have one turn or a thousand 
if you have the same number of pounds. If you wish 
to increase L/R you must add pounds. 

I wish to bring out one point regarding the stability of 
exciters and the effect upon the stability of the generator. 
The authors’ Fig. 2 shows the saturation curve. A, of the 
exciter and also the drop across the shuntfield circuit B. 
The slope of “A” is a function of the speed whereas, the 
slope of “ B ” is independent of the speed and the func¬ 
tion of the shunt field circuit resistance only. The 
intersection of these two curves is the point of stable 
operation. It is obvious that if by change of^ speed 
“A” is lowered, or by a change or resistance B is 
raised, an unstable condition is approached. When 
the slopes of the straight portions of these curves are 
the same, the exciter becomes unstable. It is obvious, 
therefore, that if the exciter normally operates at rela¬ 
tively low saturation, say at the point c, a momentary 
drop in speed with the accompanying drop in the curve 
“A” will cause the exciter to lose its voltage, and there¬ 
fore, remove the excitation from the generator field. 
This, of course, applies particularly to non-automatic 
regulation. 
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In a normally designed exciter the curve “A” does 
not pass through zero, but at some appreciable value 
above zero voltage on account of the remnant mag¬ 
netism. Curve “B” however always passes through • 
zero. It therefore, follows that there is always an 
intersection between the two curves. But although 
there is still a stable point of operation, the drop m 
voltage for a given drop in speed is so great that the 
excitation is reduced on the generator to a critical 
value. Instances of this sort have occurred on rather 
low-speed water-wheel driven generators. I happen 
to remember the figures which were: A 10 per cent 
change in speed, say a drop from 60 to 54 cycles which 
occurred at a momentary short circuit, caused by a 
drop of 50 per cent in the exciter voltage and, therefore, 
practically removed the excitation from the generator 
causing the latter to pull out of step. It is, therefore, 
desirable in hand regulated stations of this sort to 
operate the exciter well above the knee in the satura¬ 
tion curve. .. .-I j • j . 

C. A. Boddie: Mr. Doherty states that he did not 
know that there was such widespread confusion re¬ 
garding the factors that control the rate of building 
up of d-c. generators, but that there is plenty 9 f litera¬ 
ture on the subject, the whole phenomena being very 
clearly explained in the works of Steinmetz, Berg, 
Karapetoff and others. ' ,, 

He then proceeds to suggest that the time of building 
up depends on the ratio ( L/R ) which may be made 
shorter by increasing R and leaving L alone instead 
of taking measures to reduce L by reducing the number 
of shunt field turns as pointed out by the authors. 

Mr Doherty probably remembers the usual logarith¬ 
mic curve showing the rate of building up of current in a 
circuit containing inductance and resistance of which 
the time constant is (L/R) and which has been exhaus¬ 
tively treated by many authors for the past 50 years. 

The r emainin g comments regarding the stability of 
an exciter based on the intersection of the saturation 
curve and resistance line have been matters of general 
knowledge among engineers^ or over 20 years and have 
no real place in this discussion. 

But on the major issue the author wishes to state 
that neither Steinmetz, Berg, Karapetoff, or anypody 
else, to the best of his knowledge has explained the 
phenomena of building up of a d-c. generator. In 
1907, when Mr. Tirrill approached Steinmetz and Berg 
on the subject, neither displayed any clear understand¬ 
ing of the problem. At least an understanding of 
which practical use could be made. Further, in a 
paper read before the Pittsfield Section of the Institute 
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in 1911, Mr. H. A. Lacock, then head of the Voltage 
Regulator Department of the General Electric Co. 
gave no indication of a real understanding of the phe¬ 
nomena of building up when he advances the then 
prevalent idea that a straight line saturation curve in 
an exciter is directly conductive to quickness of response. 

During the period between 1907 and 1914, there were 
numerous instances of voltage regulator installations 
where poor results were traced directly to the inherent 
sluggishness of the exciters used. It was noticed, that 
as the exciters became larger in physical dimensions 
and slower in speed that sluggishness was more common, 
and this became so generally known that several noted 
engineering firms recommended strongly against the 
use of direct-connected exciters for low-speed hydro¬ 
electric installations. 

This situation continued as late as 1914,_ when during 
the negotiations for a large hydroelectric generating 
station the consulting engineer insisted on having 
direct-connected exciters notwithstanding the objec¬ 
tion of the manufacturer, on the score of responsiveness. 
The consulting engineer further stipulated, that the 
time of buil ding up of these exciters over the operating 
range, should not exceed four seconds._ These machines 
were built according to the best opinion available at 
that time. That is they had liberal dimensions, low 
flux densities and a fairly straight saturation curve 
which was thought to make the machines build up 
quickly. When the first machine was assembled, and 
tested, its time of building up was found to be approxi¬ 
mately 20 seconds; the machine as it then stood being 
entirely unsuited for use with a voltage regulator. 

The writer had penetrated _ the secret of building 
up years previously while studying characteristic curves 
as a student, but while the idea was often helpful, 
there was no important practical application since the 
rate of building up was a matter of no consequence in 
either the design or operation of d-c. generators ex¬ 
cept in the one case, where a machine was used as an 
exciter in the Tirrill system of voltage regulation. 

Briefly the theory is this: Let Fig. 1 represent an 
armature of a d-c. generator with its shunt field circuit 
connected directly across the brushes. In Fig. 2 let 
OE A represent the no load saturation curve i. e., for 
any field current I, the voltage delivered at the arma¬ 
ture terminals is C E. Let the straight line 0 B repre¬ 
sent the resistance of the field circuit i. e., for any 
field current I the drop in the resistance of the field 
circuit is C D. Now, at the intersection P of the 
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saturation curve and resistance line, the voltage gen- 
erated by the armature and the drop in the field resist¬ 
ance are equal and has been recognized for many years 
as the stable operating point of the machine. _ This 
is the important point to consider, when designing 
machines for the usual class of service so that but little 
attention was directed to the state of things represented 
by an ordinate through some point E other than the 
stable operating point P. For the point E shown 
the field current corresponding is I. # The drop m 
field resistance is C D, that is, in the entire field circuit 
measured from brush to brush. The generated volt¬ 
age appearing at the armature terminals is C E. It 
will be observed that the generated voltage C E exceeds 
the ohmic drop in the field circuit by the amount D E. 



imi 

Fig. 1 



A little reflection shows that such a condition is not 
possible unl ess the field circuit contains some impedance 
other than the simple ohmic resistance, otherwise the 
diagram would call, for two different voltages existing 
across the brushes, at the same instant. Since the 
field circuit contains inductance it is at once obvious 
that the field current must be increasing at such a rate 
that the field flux cutting through the turns of the 
shunt field coils generates in the field circuit a voltage 
equal to D E, the inductive drop in the field circuit- 
The inductive drop at any instant may be expressed as 

J T ' 

, L , 1 - -where L is coefficient of self induction of the 
at 

d I 

field circuit current and -y- is the rate of the change 

of field current expressed in amperes per second. 

The general equation expressing the relations at 
any instant is: 
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E = R I + L 


dl 
d t 


which is immediately recognized as Helmholtz's original 

equation for building up of current m an inductive 
circuit 

If in the second term of the equation,_ we assume 
for simpicity that the coefficient of self induction L 
is a constant, we see that the distance D E- is a measure 
of the rate of building up of field current, i. e., (amperes 
per second), or D E is a measure of the rate at which 
the ordinate CE is moving to the right. This rate 
diminishes as the ordinate approaches P where it 
finally becomes zero. If the voltage should by any 
m eans get beyond P the machine will build down at 
the rate measured by the vertical distances between 

tlcic curves. * 

The practical points of interest are that for a given 
maximum voltage E' the rate of building up is directly 
proportional to the vertical distance between the satu¬ 
ration curve and the resistance line. A straight line 
saturation curve (shown dotted Fig. 2) gives very little 
opening between the curves and therefor makes a 
slow exciter, since there is but little voltage available 
for building up. This is just the reverse of the pre¬ 
viously prevailing opinion. Further, for a given satu- 

T d I 

ration curve and resistance line, the product L ^ ^ 

is at every instant equal to the opening D E so that 
dl 


to increase 


d t 


we must reduce L. If we cut L 


in half, —r— is exactly doubled that is the rate of 
d t 

building up is doubled (assuming of course that the 
saturation curve has not been altered). Hence, lor 
a machine having a given saturation curve and set 
for a given maximum voltage the only way to quicken 
its rate of building up is to reduce the value of L. 
This conclusion is directly contrary to Mr. Doherty s 
statement that it is not necessary to reduce A. It is 
further apparent, that any increase in field resistance as 
suggested by Mr. Doherty in order to reduce the value 
of L/R will raise the resistance line OB; move the 
maximum voltage point P toward E; close up^ E 1), 
thereby reducing the rate, of building up until finally 
the machine refuses to build up at all and is therefore 
inoperative. This conclusion is apparent to any one 
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who has ever watched the building up of a machine, 
with its field rheostat in various positions. 

The above is pointed out merely to make it more 
clear that the phenomena has not been and still is 
not understood even by those who have accustomed 
themselves to think it is such a simple matter as to 
be obvious. 

The foregoing theory was applied to correcting the 
excessive time of building up discovered in the pre¬ 
viously mentioned exciters. The saturation curve was 
altered so that it remained fairly straight only within 
the operating range after which saturation set in 
rapidly. For a given maximum voltage setting, this 
change greatly increased the voltage available for 
building up. The inductance of the field circuit was 
cut down by reducing the number of turns in series. 
The machine in question had 8 poles and it was con¬ 
venient to use the original field coils connected in two 
parallels, each circuit having 4 coils in series and there¬ 
fore one-half the original value of inductance. A fixed 
resistance equal to that of 4 coils was placed in series 
with each circuit so that the resistance per circuit 
was the same as the original 8 coils in series. This 
change doubled the rate of building up and together 
with the previous change in the saturation curve brought 
the machine within the 4 second time required in the 
specifications. 

Since that time the Westinghouse Company, has 
been building its exciters to definite time constant 
specifications when intended for Tirrill regulator use. 
Further analysis along the above lines shows that the 
only factors which the designing engineer must consider 
is the flux linkage of the field circuit, that is flux per 
pole X turns per pole X poles in series. With a 
250-volt machine and a typical saturation curve this 
flux linkage should not exceed 15 X 10 9 . This gives 
a theoretical time of building up of 3 seconds over the 
arbitrary range of 60 to 250 volts which is modified 
by eddy currents in the yoke, hysteresis, etc., so that 
the actual machine when set for a maximum of 290 or 
300 volts will build up over the range of 60 to 250 
volts in 4 seconds or less. This has been found to be 
the most desirable time constant for an exciter under 
Tirril regulator control. 

It has also been found that Tirrill regulator contacts 
will flash over at currents exceeding 22 amperes re¬ 
gardless of the number of relays used. It is not safe 
to operate above 19 amperes and the exciters of the 
Westinghouse Co. are designed so that the current 
in no one circuit shall exceed 17 amperes under maximum 
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conditions O', e., during short circuit on the a-c. gen¬ 
erator calling for full exciter voltage) and the flux 
linkage of each circuit figured at normal voltage, no 
load, shall not exceed 15 X 10 9 . 

When m a chin es are designed to these specifications 
there is no difficulty in making large low-speed direct- 
connected exciters just as responsive as a small motor- 
driven set so that responsiveness is no longer a factor 
when deciding on the question of direct-connected 
exciters vs. independent drive. 
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EXCITER PRACTISE IN THE NORTHWEST 


BY J. D. ROSS 

Superintendent of Lighting, Member, Board of Public Works, 
Seattle, Wash. 


The author gives in table form the generator instal¬ 
lation and the exciter sets, with size, voltage, drive, 
regulators and system of exciter connections for the 
principal hydroelectric plants _ in operation in the 
Northwest. He analyzes their essential character¬ 
istics and the difficulties encountered with automatic 
voltage regulators in plants having generators of 
different sizes and makes. Simplicity of non-automatic 
apparatus at hydro power stations seems to be de¬ 
sired. In the Seattle plant, operated by the writer, 
the steam plant is depended upon for regulation. 
•The details of the installation are given. The author 
advocates for an entirely new large hydroelectric or 
steam plant a system of excitation in which each 
generator is supplied with its own shunt-wound_ exciter 
driven by a prime mover and furnished with its own 
regulator. In an existing plant, not designed on the 
unit system, the use of one large exciter to operate the 
entire plant through field rheostats is the best com¬ 
promise, the old exciter system being used as the dupli¬ 
cate for emergency. . 


T HE practise, in excitation of generators in the 
Northwest is about the same as that in all 
parts of the country. It is the outcome of an 
evolution from small to large plants necessitating the 
use of various sized generators excited by various 
sized machines connected to a single bus or in a few 
cases, to a double bus. 

The following table of a number of the principal 
hydro plants shows the Western practise as it now is: 

Most companies are alive to the importance of 
having the best system and realize the possibilities 
offered in regulating voltage from- the power house. 
The fact is, however, that Tirrill regulators are little 
used at the Western hydro power houses and even 
where provided, they are in a number of cases lying 
idle. Larger modern machines may be working beside 
small machines of older type. Their characteristics 
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are different yet they are all fed from the same exciter 
bus The exciters are often of several sizes and types 
and this further complicates the system and makes 
automatic regulation difficult and sometimes prac¬ 
tically impossible. In a number of cases exciters are 
driven by induction motor and water-wheel on the 
same shaft. In these the regulator is used with the 
motor drive, probably because of the difficulty of 
governing the small waterwheel. A small waterwheel 
is about as difficult to govern as a large one, especially 
where rapid fluctuations are required. A flywheel on 
the exciter shaft would do much toward maintaining 
steady speed but does not appear to be used m any 
coast plant. There is a feeling that the higher voltage 
maintained by a Tirrill automatic regulator on short 
circuit is a hazard not to be disregarded and as it is 
common practise to tie all machines and transformers 
to the high-tension lines through non-automatic 
apparatus, there is a good deal in the contention. 
The simplicity of non-automatic apparatus at power 
stations except on duplicate transmission lines seems 
to be desired more than automatic regulation while 
the use of induction regulators in substations is de¬ 
pended on to give the proper regulation of voltage. 

The writer is at present operating both hydro and 
steam plants furnishing current to 63,000 consumers 
as well as Seattle’s buildings and street lights. 

The hydro plant like most others is a product of 
evolution containing various sizes of generators and 
exciters. As in most plants, a single direct-current bus 
is used. The Tirrill regulator is at present idle. A 20, 
000-kw. steam plant is largely depended on for regula¬ 
tion. A new 15,000-kw. generator is being installed 
at the hydro plant and a new 15,000-kw. generator is 
also being installed in the steam plant. 

In deciding the question of excitation for these new 
units, two systems appealed very strongly; first, the 
use of duplicate exciters, either one of which is able 
to handle the entire station. This allows of easy in¬ 
stallation of a Tirrill automatic or other regulator and 
is the extreme of simplicity; second, the use of an 
exciter for each machine on a separate prime mover 
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and operating on the unit system with such switching 
arrangement as would allow a spare exciter to replace 
any other exciter in case of emergency. Auxiliaries 
should not be run from an exciter bus in a large system 
but should have a separate source of power, preferably 
from a prime mover. There is too much at stake to 
tie both exciters and auxiliaries to one bus. In both 
hydro and steam plants in Seattle, auxiliaries are run 
from a bus entirely independent from the exciters. 

There has been very great advancement in the 
science and art in recent years and apparatus is so 
much more reliable that in the hydro system of the 
City of Seattle it was decided to break away from 
previous standards and install the new 15,000-kw. unit 
entirely separate from the other four machines. Good 
automatic regulation with continuity of service must 
be accompanied by simplicity of design. In this new 
unit the pipe line is entirely separate. There are no 
busbars or oil switches between the generator and its 
transformers, all switching being done on the high- 
voltage side at 66,000 volts. The reactance of machine 
and transformers are made high to resist short circuits. 
Class B-mica insulation is being used on transformer 
coils instead of the standard Class A. The trans¬ 
formers are of the type using the winding entirely on 
the center leg of a three-legged core, the coils being 
wound on a drum. The round coil admits of winding 
with Class B insulation. The exciter was then chosen 
of a size ample for the full final development of the 
entire station, 36,000 kw., it being the desire to have 
only one exciter operating at a time. A Tirrill or 
Westinghouse regulator installation on this exciter 
now becomes simple and reliable. Operating in con¬ 
junction with good governors on the main turbines, 
this system should give the very best results. 

A governor is also supplied for the exciter impulse 
wheel and the shaft is extended for an induction motor 
or flywheel or both if desired later. 

In order to carry out as far as possible the idea of 
simplicity and closer regulation, the distribution system 
in Seattle is also being radically changed. The new 
method is described in detail in the Electrical World 
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of January 10, 1920. Besides giving much better 
regulation, this method effects a considerable saving 
as well. An interesting paradox presents itself in this 
distribution system, for while. better regulation is 
effected, the automatic induction regulator will be 
eliminated. 

The regulation of the entire system will now fail on 
the Tirrill regulator at the hydro plant and a similar 

one at the city’s steam plant. _ 

It was found impossible to get a satisfactory steam 
turbine and motor-driven eexiter over 100 kw. due to 
commutator design for high speed. This difficulty 
was removed by placing an exciter on each end of the 
shaft of the exciter turbine. This exciter set is also 
equipped with an induction motor floating on the line. 
This acts as a brake if the turbine governor fails and 
is also used to maintain the desired heat balance. 

The new 15,000-kw. steam unit is also being con¬ 
nected direct to its transformers without switches as 
in the case of the hydro unit. The plant will then 
have a capacity of 35,000 kw. and will be controlled 

by one exciter. .. , 

Synchronous condensers automatically controJle 
are used to keep a steady voltage at the substations. 

There seems to be no logical excuse for the compound- 
wound exciter. Its tendency when used with a regu¬ 
lator is to pile up a high voltage on short circuit and 
to give troubles in paralleling. The shunt-wound 
machine if given a very liberal voltage range is nearer 
the ideal. At the Seattle steam plant, two compound- 
wound exciters defied all efforts to parallel until the 
series winding was removed. The tendency was for 
one to reverse suddenly and shut down the plant during 
normal operation. In order to use one exciter with 
automatic regulation, it is, of course, necessary to 
have si milar or nearly similar characteristics of ex¬ 
citation in the main generators. This is also true of 
any system of excitation and in some of the coast 
plants, the Tirrill automatic regulator has been 
abandoned due to a difference in the characteristics 
of the generator fields at various loads. 

In general, the trend of the large coast concerns is 
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away from a lot of small generators and exciters to 
large generating units. 

There is a tendency to use a combined waterwheel 
and motor drive in each power house for at least one 
of the exciters installed. There are notable exceptions, 
however, that give excellent service. 

The Washington Water Power Company use an 
exciter on each generator shaft, each exciter large 
enough to supply two generators. All exciters are 
connected to a direct-current bus. No extra exciter 
is considered necessary. The City of Los Angeles is 
planning a new plant using the same system but with 
an additional motor-driven exciter. These systems 
where used are giving practically 100 per cent service. 
In some quarters there has been a strong feeling against 
exciters on generator shafts for the reason that a 
sudden heavy load changes the speed and lowers the 
exciter voltage which in turn drops the generator 
voltage and the effect is cumulative. This trouble 
seems to be negligible on large mixed loads supplied 
from waterwheels with modern governors. Undoubt¬ 
edly the best exciter system for an entirely new hydro¬ 
electric or steam plant of large size would be one in 
which each generator is supplied with its own shunt- 
wound exciter of ample size and quite ample voltage 
range. The exciter would be driven by a prime mover 
unless the load were a mixed one without undue 
fluctuations which the regulator could not easily take 
up, and each exciter would be furnished with its own 
regulator. Only such switching devices would be used 
on the exciters as would allow a spare exciter to take 
the place of any other during emergency. 

This system is nearest to the ideal because the field 
characteristics of generators are so often different and 
when a new generator is installed the progress of 
generator design is often such that we must either 
allow a difference or take a step back by accepting an 
old design. With an individual exciter and regulator 
for each machine each new generator may be pur¬ 
chased with its proper exciter, regardless of the relative 
size or characteristics of the new and old machines. 
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In adding a new machine in a plant not designed 
on the unit system, but using various sizes and types 
of venerators having various characteristics and a 
number of exciters also of odd sizes and makes the 
use of one large exciter to operate the entire plant 
through field rheostats is the best compromise. The 
old exciter equipment may then be used as the dupli¬ 
cate for emergency. 



Presented at the 36th Annual Convention 
of the American Institute of Electrical Engi¬ 
neers, White Sulphur Springs, W. Va., 
July 2, 1920 . 
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GENERATOR EXCITATION PRACTISE IN THE 
HYDROELECTRIC PLANTS OF THE SOUTH¬ 
ERN CALIFORNIA EDISON COMPANY 


BY H. H. COX AND H. MICHENER 

Both of the Southern California Edison Co., Los Angeles, Cal. 


T HE more recently constructed hydroelectric plants 
of the Southern California Edison Company are 
either directly connected to the two 240-mile, 150,- 
000-volt Big Creek lines, or connected to it through 43 
miles of 60,000-volt lines and step-up transformers. 
Probably the most extreme range of excitation of 
any system in operation is required to meet the con¬ 
ditions of voltage control imposed by 150,000-volt 
lines of this length. 

The plants connected to these lines, and which will 
be considered in the following, are Big Creek Power 
Houses Nos. 1 and 2, each with 32,000-kw. installed 
capacity, Eagle Rock Substation with 54,000-kv-a. 
installed step-down transformer capacity, Kern River 
No. 3 with 32,000-kw. installed capacity which will 
be put into operation in the latter part of 1920, and 
Big Creek Power House No. 8 with 22,500-kw. in¬ 
stalled capacity, which will be put into operation dur¬ 
ing 1921. 

The present plants will be dealt with first as follows: 

• Apparatus Installed 

One-half of the original equipment was furnished by 
the General Electric Company, and the other half by 
the Westinghouse Company. 

P. H. No. 1. Two 17,500-kv-a. generators with two 
150-kw. exciters, water-wheel driven. One has also 
an induction motor drive. Each exciter is of sufficient 
capacity for two generators, the other acting as a spare. 
Exciter fields are supplied from a motor-generator set, 
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called an agitator, consisting of a 250-volt d-c., and a 
125-volt d-c. machine connected in series opposition, 
driven by an a-c. motor. The 250-volt machine is 
under control of a standard range Tirrill regulator 
contro llin g it from 125 to 250 volts. The resultant 
voltage, 0 to 125 volts, of the two machines is taken to 
excite the fields of the main exciters, giving them a 
range from 0 to maximum. This equipment was fur¬ 
nished by the General Electric Company. 

P. H. No. 2. Two 17,500-kv-a. generators with two 
200-kw. exciters, driven same as P. H. No. 1. The 
exciters are under control of a broad range regulator 
controlling their voltage from residual to maximum. 
This equipment was furnished by the Westinghouse 
Company. 

Substation. Two 15,000-kv-a. synchronous conden¬ 
sers with 65- and 100-kw. direct-connected exciters, 
General Electric and Westinghouse respectively. Each 
exciter is of sufficient capacity for its condenser only. 
One 100-kw. motor-driven exciter for spare, which for 
months at a time is not used. These exciters are con¬ 
trolled by broad range Westinghouse regulators which 
operate the exciters successfully from residual voltage, 
about 15 volts, to maximum, about 300 volts. This 
range is necessary to make the condensers operate at 
full load lagging or leading. One regulator is a spare. 

Operating 

Starting the system from dead is usually done by 
getting two generators together on a bus, then lowering 
the voltage to practically zero and closing in on a line 
with only a bank of transformers on at the receiving 
station, then building up with rheostat of 250-volt 
machine of agitator set till proper voltage is reached at 
substation for synchronizing. The condenser is usu¬ 
ally in operation from other plants connected to dis¬ 
tributing system with regulator in service. 

Only about 25 per cent of normal field current is 
required to obtain this voltage, using two generators 
on one 240-mile line. This is done by hand. After 
synchronizing, the voltage at the power house is raised 
to normal, thus picking up considerable reactive cur¬ 
rent, and the regulator is put into service. 
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When using only one generator the line charging 
current causes the generator to become self-exciting, 
and with no field current, the General Electric gen¬ 
erator will build up to 106 per cent voltage, and the 
Westinghouse generator will build up to 135 per cent. 

By means of the agitator set the field, and conse¬ 
quently the armature voltage of the General Electric 
exciters at P. H. No. 1 can be reversed. This causes 
the exciting current in the field coils of the generator to 
flow in a direction opposite to that of the normal excit¬ 
ing current. A reversed field current of 20 per cent 
the magnitude of the normal field is sufficient to bring 
the generator voltage down to approximately 85 per 
cent normal which is the required voltage for synchron¬ 
izing at the substation. The agitator set gives the sensi¬ 
tive control, which is very desirable for this purpose. 
No method is available for the control of the Westing- 
house generators under the above conditions, hence it 
is always necessary to have two generators, or one 
generator and a condenser, when using these generators 
to build up on a line. It is very seldom necessary to 
build up on a line with one generator. 

Normal conditions of operation are with voltage 
regulators in full control of the exciters at both the 
power houses and at the substation. 

The regular daily cycle of operation of the conden¬ 
sers covers from full load lagging (one condenser) to 
full load leading (two condensers) 

Changes being Made 

There is now being installed a third 17,500-kv-a. unit 
at Big Creek No. 2, but the excitation system is not 
being changed. 

At Eagle Rock Substation the step-down transformer 
capacity is being increased to 96,000 kv-a. and a third 
condenser is being installed. This condenser has a 
capacity of 30,000 kv-a., and the direct-connected 
exciter has a capacity of 150 kw. No other changes are 
being made in the excitation system, except the sub¬ 
stitution of a 160-kw. spare exciter set in place of the 
present 100-kw. spare exciter set. 

At the Kern River No. 3 power plant, which will be 
put in operation during the latter part of this year, 
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there will be two 17,500-kv-a., vertical shaft units. 
The generator and excitation system characteristics 
are such that one generator will be capable of handling 
a 140-mile section of the 150,000-volt line, and the 4B 
miles of 60,000-volt line, which connects Kern No. 3 
and the Big Creek Line—the 150,000-volt line being 
open at the receiving end. 

The excitation system will consist of a 95-kw. exciter 
direct-connected to each generator, and a 200-kw. in¬ 
duction motor-driven exciter for a spare. Each of the 
three exciters will be controlled by a separate broad 
range voltage regulator. This provision is necessary 
for the reason that during a part of each year one unit 
will be operating at 60 cycles and the other at 50 cycles. 

The plans which are being developed for excitation 
at Big Creek Power House No. 8 are the result of 
experience with the plants described above. This 
experience has led to the belief that maximum reli¬ 
ability and simplicity, rather than flexibility are the 
characteristics to be striven for. The plan which seems 
most desirable and which will probably be put into 
effect is as described below. 

The initial development will consist of one 22,500- 
kw. 25,000-kv-a., vertical shaft unit with an exciter of 
liberal design mounted on the top of the generator. A 
spare exciter the duplicate of the one mounted on the 
generator, will be provided, but it will not be connected 
to any motive power. In case the exciter on the gen¬ 
erator burns out, it will be removed from the genera¬ 
tor and the spare exciter will be mounted in its place. 
It is expected that nothing short of a burn-out in the 
exciter will necessitate the shutting down of the unit on 
account of the exciter. There will be no exciter driven 
by a motor or a water wheel, or by both, with its com¬ 
plications of electrical and hydraulic connections. 

Future installations will increase the number of units 
in this plant to four. The spare exciter will be a spare 
for all the units in the plant. There will be no exciter 
bus for the paralleling of exciters. The exciters on all 
the units will be controlled by one voltage regulator. 

In this way it is expected that operation difficulties 
will be reduced to a minimum. 
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Discussion on “Exciter Practise in the North¬ 
west” (Ross) and“ Generator Excitation Prac¬ 
tise in the Hydroelectric Plants of the 
Southern California Edison Co,” (Cox and 
Michener), White Sulphur Springs, W. Va., 
July 2, 1920. 

Carl J. Fechheimer: The transmission system of 
the Southern California Edison Company brings to our 
attention a condition which will probably be met fre¬ 
quently on future long lines with the high transmission 
voltages now being considered especially with frequen¬ 
cies of 50 or 60 cycles. On such systems the kv-a. rating 
of a very large generator may easily be exceeded with 
the transmission line open, due to the current required 
to charge the line. In the particular case of the South¬ 



ern California Edison Company, with 150,000 volts at 
the substation at Eagle Rock, with the line open, 
about 24,000 kv-a. are required to charge the trans¬ 
mission line which is a considerable overload for one 
17,500 kv-a. generator. As pointed out by the authors, 
the voltage actually exceeds normal, and the current 
from each generator is consequently proportionately 
increased. 

With the extension to Kern River Power House 
Number 3, there is a large negative reactive drop in the 
transformers and in 43 miles of lines at the lower trans¬ 
mission voltage of about 60,000; so that, with 150,000 
y blts at Eagle Rock, with the line open, there is only 
about 60 per cent normal voltage at the generator 
terminals, assuming that all the charging current for the 
240 miles line is furnished from Kern River. Aside 
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from the question of overload, (if one generator of 
17 500 kv-a. is used), the generator, if of normal design, 
must be worked on that part of the saturation curve 
which is substantially straight and therefore is unstable. 
Thus in Fig. 1,0 A B is the condenser charging curve, 
OCB is the no load saturation curve, the field am¬ 
peres equivalent of the armature amperes excitation 
being plotted as abscissas. Without any excitation m 
the fields, the voltage would reach the value B on open 
circuit, a point of stability. If now a certain negative 
excitation of value DO=JK = EF = G H is ap¬ 
plied to the fields, the voltage drops to G, which, due to 
saturation is also a point of stability. If, however, it is 



Fig. 2 


desired to lower the voltage to J, by means of negative 
excitation, a point of instability is reached, for the 
saturation curve being straight, the voltage continues 
to fall, then the polarity of the poles reverses, and the 
voltage, builds up to a value M, corresponding to an 
excitation of D 0 plus the excitation from the con¬ 
densers. Even with a voltage regulator having a 
rapid time element, it is not possible to hold the voltage 
at the point. 

In order to verify this point, tests were made with 
static condensers, to imitate the transmission line ca¬ 
pacity, in series with adjustable resistors, connected to 
a three-phase 50-kv-a. six-pole alternator, normally 
rated at 2400 volts, 60 cycles, as shown in Fig. 2, 
(instruments not shown). Two small duplicate 125- 
volt exciters were connected in series opposition, the 
voltage of one being held constant at 60, and the other 
was altered automatically with a voltage regulator, which 
was set to maintain constant voltage at the alternator 
terminals. Changes in external load could not be 
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affected so readily as changes in speed, and furthermore, 
since, with the regulator maintaining voltage, a com¬ 
paratively small increase in frequency corresponded to 
a relatively large reduction in flux in the alternator, the 
speed was increased to obtain the point of instability. 

Fig. 3 shows the no-load saturation and short-circuit 
curves; and the saturation curve taken with condensers 
without current in the field coils. The ordinates for 



Fig. 3—Saturation and Short-Circuit Curves 
V oltages are at 60 Cycles 


the latter are the voltages read at the alternator ter¬ 
minals changed to correspond to 60 cycles; the ab¬ 
scissas are the field currents which correspond to the 
armature currents on sustained short circuit. 

Fig. 4* was taken with the regulator in circuit set to 
mamtam the voltage constant at 1000, and with ex¬ 
citer No. 2 (Fig. 2) self-excited. (The beginning and end 

It was found that with the low speed at which the oscil¬ 
lograph was operated, motor drive for the drum was not feasible; 
therefore, hand operation was employed, with the result that 
the speed was not uniform, and in consequence the period of 
one cycle changed materially. 







H. H. COX AND H. MICHENER 


• M ' >1 I ij ii'l ! 







































































1642 


H. E. COX AND H. MICHENER 


[July 2 


of oscillogram are not shown). The excitation was 
positive if the voltage of exciter No. 2 was greater than 
that of No. 1 as at the beginning of the oscillogram. 
The capacity was approximately 48 microfarads per leg. 
Instability was reached at about 47 cycles, and with 
—0.55 amperes in the field coils. The voltage reached 
so high a value after reversal of polarity that the relay 
opened the armature circuit at about 2000 volts. 

Fio-. 5 was taken under the same conditions as Fig. 4 
except that exciter No. 2 was separately excited from 
250 volts and a resistor of 1.2 times field resistance was 
placed in series with the field coils of No. 2. This 
materially changed the time constant, and the regu¬ 
lator was thus enabled to respond more rapidly. 
Reading taken just before the state of instability was 
reached was 1050 volts, 10 amperes alternating current, 
51 cycles, - 0.6 ampere field. In this case, 4 although 
slightly higher frequency corresponding to a little lower 
flux was obtained before the polarity reversed (52 per 
cent instead of 56 per cent of normal flux), it was still 
impossible to hold the voltage constant, and the voltage 
reached about double the value which the regulator was 
set to maintain when the relay opened the armature 
circuit. If the circuit had not been opened, the regu¬ 
lator would have reversed the excitation which would 
have caused the voltage to build up still higherThe 
influence of induced current in the field circuit is very 
marked 

If there be no direct excitation in the field coils, and a 
load be placed upon the alternator before exciting in 
order to reduce the voltage, then another phenomenon 
may occur; the machine may pass into the asynchro¬ 
nous state. That is, the power load is greater than the 
alternator can supply operating at synchronous speed, 
and it therefore “slips” ahead. There are then two 
frequencies, that of the line, and that of rotation, the 
slip frequency being the difference between the two. 
This is clearly shown in Fig. 6. The fields were short- 
circuited and the field current record gives a clear 
picture. Reading taken just before unstable condition 
was reached was 1900 volts, 15 amperes, 44 cycles,. ap¬ 
proximately 48 microfarads per leg. If on a given 
system, an alternator is used to charge a transmission 
line and the voltage rises above normal with zero exci¬ 
tation, the application of load may cause the alterna¬ 
tor to become asynchronous, and there is a probability 
that phenomena may be introduced on the transmission 
system which have not hitherto been encountered. 

Other tests made with negative excitation without 
the use of the regulator, showed that once the critical 
point was reached, and the straight part of the satu- 




1920] 


DISCUSSION 


1643 


ration curve approached, the voltage dropped to zero 
and then built up to a rather higher value with the po¬ 
larity of the poles reversed. 

It will therefore be seen that whenever zero or nega¬ 
tive excitations are employed in conjunction with a 
system for which the leading reactive power is high, 
there is danger of reversal of polarity and therefore of 
building up to high voltages, or of passing into the asyn¬ 
chronous state. It is not feasible to make a voltage 
regulator so rapid that it will automatically maintain 
constant voltage on the straight part of the saturation 
curve; even when more sensitive than ordinarily, the 
regulator w r as unable to maintain constant voltage; 
and if made too rapid there would be a decided tend¬ 
ency for the regulator to hunt. 

The obvious way to avoid the difficulty is so to design 
the alternator that more ampere turns are required to 
force the flux through the magnetic circuit at the point 
on the saturation curve considered than can be supplied 
by means of reactive power from the electrostatic field 
of the transmission line. This however, may not be 
feasible, as it may necessitate making the alternator 
much larger and more expensive than is required for 
normal load conditions. Another solution embodying 
alternators of normal design, is to connect two or more 
generators in parallel before connecting to the trans¬ 
mission line. This method is frequently used by the 
Southern California Edison Company. 

A third solution consists in using reactors in paral¬ 
lel with the transmission circuit, so that they can ab¬ 
sorb the surplus charging current. A fourth solution 
consists in winding into the poles of the alternator 
special coils in which the current can be controlled. 
Each coil is so placed as to include about one-half the 
pole section, there being about equal iron section be¬ 
yond the coils. The m. m. f. due to the current in t hi s 
auxiliary winding _ causes leakage flux to flow which 
saturates that portion of the magnetic circuit, and there- 

by the shape of the saturation curve is readilv con¬ 
trolled. 


• •J am ® s Lyman: It is interesting to see the unan¬ 
imity of opinion that has been expressed here on the 
subject of excitation for large turbo generator stations. 
^ r 6 .jnanu:cturers have found difficulty in making 
reliable exciters for direct connection to turbogener¬ 
ators of 2000 to 5000 kw. capacity running at 3600 

P u r mm ' , We understand, however, that these 
aimculties are being overcome. 

We have recently looked up the records of a number 
oi large power stations we have designed having turbo 
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generators with direct-connected exciters, and with one 
reserve traho driven exciter for the station. We have 
found that the direct-connected exciters have been 
Jvincr very reliable service, the reserve exciter being 
seldom if ever, called on. In the case of one power 
station atTocopilla, Chile, S A., toutedamlbu.ltby 
European engineers, having four 10,000-kw. units, no 
provision had been made for reserve excitation, and 
we added a fifth 10,000-kw. American built turbine 
We recommended a reserve turbo driven exciter. Ihe 
exciters should be made of ample capacity and of 
rugged and reliable design so that the possibility of 
their giving trouble will be very remote. 


Presented at the Pacific Coast Convention of 
the American Institute of Electrical Engi¬ 
neers, Portland, Ore., July 21, 1920. 


Copyright 1920. By A. I. E. E. 


FACTORS CONTROLLING THE DESIGN AND 
SELECTION OF SUSPENSION INSULATORS 


BY W. D. A. PEASLEE 

Electrical Engineer, Jeffery-Dewitt Insulator Co. 

A discussion of the factors entering into the design 
and operating behavior of suspension insulators and 
the problems to be solved in designing a suspension 
insulator to overcome the objectionable features shown 
by experience to affect seriously the operation of the 
insulators in service. 

Factors to be taken into consideration in the selection 
of suspension insulators for a given condition are given 
and a brief discussion of the general trend of future 
improvements is presented. 


Introduction 

I N the early days of electrical distribution of power 
the insulator problem was unimportant. The 
insulator gave more satisfactory service than the 
rest of the apparatus essential to the generation and 
distribution systems. As long as the voltages were low 
the dielectric field distribution was of relatively small 
importance. As the transmission distances and there¬ 
fore the economic transmission line voltages increased 
the insulator problem became more acute. The first 
attempt to meet the insulation requirements of these 
higher voltage lines was an increase in the physical 
dimensions of the lower voltage type of unit. No 
attention was given at this time to the distribution of 
the dielectric field or its shape although the laws gov¬ 
erning the dielectric flux distribution in such cases were 
well-known. 

As a result with the increased voltages came an in¬ 
creasing amount of insulator trouble until when the 
transmission voltage passed the 30,000-volt mark, the 
insulator problem became of greatest importance. 
Improvement in design through rational study of the 
problems had brought the reliability of other parts of 
the transmission and generating systems to a very 
satisfactory point. The insulator, however, had not 


1645 
















1646 


W. D. A. PEASLEE 


[July 21 


made a corresponding advance and failures were en¬ 
countered at a rate that for a time threatened the 
success of high-voltage transmission of electrical energy. 

The attention of the insulator manufacturers was 
turned at once to the problem and many new designs 
were brought out as suggested remedies for this situa¬ 
tion. Practically none of these was based on a rational 
study of the insulator as a dielectric problem, most of 
the improvements being made from the narrow stand¬ 
point of the small experience then available. The prob¬ 
lem was attacked by manufacturers and research men 
of the country, but unfortunately from widely different 
points of view. The manufacturers being limited by 
manufacturing difficulties and the great cost of a radi¬ 
cal change in methods, clung to small changes in exist¬ 
ing forms and processes, while the research man 
attacked the problem from a scientific standpoint, based 
on a careful study of the dielectric and mechanical 
problems involved, but too often handicapped by a 
lack of knowledge of manufacturing processes and their 
limitations. For these reasons many excellent ideas 
coming from both sources were laid aside from lack of 
coordination of the two lines of study. 

In the early insulator types, at times the flash-over 
distance was much greater than warranted by the thick¬ 
ness of dielectric and many failures by electric punc¬ 
ture were encountered, also the design was such that 
corona was formed at different places on the insula¬ 
tor at low voltages. 

Gradual improvements in the design eliminated many 
of these objectionable features one by one, and improve¬ 
ments in manufacturing methods brought forth con¬ 
stantly improving grades of porcelain. 

When the pin type insulator reached a limit set by 
size, weight and cost, the suspension type unit was 
introduced. This was a decided step forward in insu¬ 
lator practise, but unfortunately the designers of the 
suspension type unit still neglected a thorough con¬ 
sideration of the dielectric field of flux in the design¬ 
ing of their units, making them simply mechanical 
modifications of the existing types. 

Thus a great many faults of the early pin type 
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insulators were repeated in the first suspension units. 
Due to its small size the flash-over voltage of the sus¬ 
pension unit was practically always below the punc¬ 
ture voltage, though, as will be shown later, the margin 
was not sufficient, and, with the introduction of the 
electric tests on assembled units in the factory, very 
few direct puncture failures were encountered when 
the insulators were first placed on the line. 

At this point, however, a type of failure appeared 
which may be classified as a deterioration failure, the 
insulator passing successfully severe factory tests, but 
failing after a period of service on a transmission line 
under conditions less severe than those successfully 
resisted in the course of factory testing. 

The study and analysis of this problem has filled the 
pages of engineering literature during the past ten years 
and many divergent theories regarding the causes of 
and remedies for the various types of failure have been 
advanced. At the present time insulators success¬ 
fully passing factory tests deteriorate in service at 
rates varying up to 20 per cent per year. As stated by 
a prominent transmission engineer quite recently: 

“All insulators at present on the market seem to be 
subject to a steady depreciation that is too large to be 
ignored or accepted as an operating necessity.” 

The conventional type suspension insulator unit, and 
also, to some extent, the multi-shell pin type unit, 
seem in general to be subjected to the types of failures 
indicated in the following table: 

Mechanical Failures 

a. Due to the use of materials having widely different co¬ 
efficients of cubical expansion as in conventional cap and 
pin construction which causes enormous stress under tem¬ 
perature changes. 

b. Due to mechanical overloading. 

c. Due to shocks as shooting. 

d. Due to lightning and power arcs. 

Electrical Failures 

a. Actual electrical puncture. 

b. Leakage under adverse conditions followed by flash- 
over and heavy power arc. 

c. Due to porosity. 

In the conventional type of insulator three materials, 
porcelain, cement and steel, are tightly compressed in 
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contact in an unyielding fashion. These materials 
have different coefficients of cubical expansion and the 
temperature variations, in many cases quite abrupt, 
met with in operation, seem to set up internal stresses 
which crack the porcelain, leading to electrical failure. 
Further the cement itself is subject to volumetric 
changes somewhat of cyclic nature and also of a crys¬ 
talline growth character that contribute to these phe¬ 
nomena. Prominent engineers have expressed the opin¬ 
ion that 85 per cent of the failures of insulators of this 
type were preceded by mechanical failures of this class. 
The sun striking upon insulators on a frosty morning 
has in many cases been the signal for some rather 
startling exhibitions of such failures. . In connection 
with this, the internal stresses existing in the porcelain 
parts due to improper manufacturing methods and 
firing, have doubtless contributed to this condition. 
That the manufacturers recognize this weakness is well 
shown by the elaborate precautions that have been 
taken to reduce this effect through the medium of felt 
washers, lead thimbles, etc., appearing more recently 
in their designs. 

That the transmission engineers of the country have 
realized the importance of the deterioration type of 
failure is indicated by the extensive study, which has 
been made of the various methods of testing employed 
by most engineers responsible for large transmission 
systems today, such as the megger and buzz stick 
methods. Reliance is placed on these methods, to de¬ 
tect the beginning of this deterioration permitting the 
removal of the affected insulator before it has danger¬ 
ously weakened the string. Many engineers are also 
advocating the deliberate addition of several units to 
an insulator string above the number required for 
actual insulation purposes as an insurance against this 
deterioration regarded by them as inevitable. 

Failures due to mechanical overloading are rare in 
modern lines as the lines are usually designed with 
proper consideration of extreme loading conditions and 
ample mechanical safety factors. The same remark 
may be applied to failures from shock and shooting, 
and although at one time about the most popular 
outdoor sport, in certain localities, for irresponsible 


1920] 


W. D. A. PE AS LEE 


1649 


people, was the shooting off of the power company's 
insulators, fortunately, this condition is no longer of 
very great importance. The failures due to lightning 
and power arcs are, however, at the present time 
rather large. It is doubtful if we could define exactly 
what might be considered a direct stroke of lightning, 
and probably such strokes on transmission lines are 
rather rare. Lightning flash-over of an insulator string 
is usually in itself rather harmless, but the power arc 
that follows the static flash-over is extremely destruc¬ 
tive to any but the most substantial types of insulator. 
The thinness of the porcelain part of the conventional 
type insulators, combined with the abrupt changes in 
form and surface directions renders them susceptible to 
destruction under the action of the intense heat of such 
an arc. Any insulator with thin petticoats is very 
likely to be considerably damaged by power arcs as 
the temperatures and the mechanical stresses involved 
are very high. The chief requisite for an insulator in 
this regard is strength, gradually increasing thickness 
from the edge of the skirt inwards, and a high thermal 
capacity. Insulators so designed will successfully 
resist severe power arcs and lightning surges, especially 
when the system is equipped with the proper kinds 
and numbers of relays, to a remarkable degree. 

An actual electric puncture is probably rare on any 
modern insulator that has been properly fired, most 
electrical failures being the result of previous mechani¬ 
cal failures. 

Leakage is a problem that is to a large extent depen¬ 
dent upon localities and specific conditions. Smelter 
fumes, salt fogs, dust storms and many other causes 
tend to make the leakage effect vary and it has been 
generally conceded that in bad localities the only 
remedy is a periodic cleaning of the insulators. A few 
extra units added to a string will postpone the inevit¬ 
able cleaning, but it is probably safe to say that under 
bad conditions no insulator string could be used com¬ 
mercially that would not require cleaning after a time. 
In connection with this, however, as leakage always 
culminates in a flash-over, it is important that the insu¬ 
lator be able to withstand power arcs, especially in 
regions subject to bad leakage conditions. 
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Porous porcelain absorbs moisture from the atmos¬ 
phere, thereby decreasing its electrical resistance. 
The leakage current flowing through the porcelain 
under electrical stress tends to heat localized portions 
to a very high temperature. This local heating causes 
mechanical failure followed by the passage of a power 
arc through the porcelain, or due to the negative tem¬ 
perature coefficient of electrical resistance of porcelain, 
the leakage current may under certain conditions 
gradually increase with a concomitant increase of tern- 
perature, this action being cumulative until the por¬ 
celain is punctured. A good many instances of failure 
of this kind both in laboratories and under field condi¬ 
tions have been encountered. Good glazing postpones 
the deterioration of porous porcelain but cannot 

eliminate it. ' , . 

Until recently the progress m the manufacture of 
suspension type insulators has been rather largely 
along certain detailed attempts at the improvement of 
certain specific faults such as the utilization of felt 
washers, lead thimbles, etc. in the conventional cap 
and pin type design. The problem had not been 
attacked from a sufficiently scientific standpoint and 
there is still great need of a scientific study of this 
problem based on an analysis of the dielectric field of 
flux around insulator strings, and the electrical and 
mechanical requirements of the units in relation to the 
limitn+inns imnosed bv ceramic and manufacturing 


conditions. 

The following discussion of the analytical and ex¬ 
perimental work undertaken along this line from the 
electrical and ceramic standpoint, the progress that 
has been made and the results that have been secured 
in the form of rationally designed insulators will, it is 
hoped, be of some interest to the operating engineer 
and s tim ulate further study and advance in this vital 


subject. 

Factors Governing Rational Insulator Design 

The requirements to be met in the design of suspen¬ 
sion insulators may be broadly classed under two 
headings: 

1. The insulator must support the line mecham- 
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cally with adequate safety factors under the most 
adverse conditions. 

2. The insulator must insulate the line with adequate 
safety factors under any electrical conditions not ren¬ 
dering other apparatus on the line inoperative. 

It is obvious that any suspension insulator must be 
designed in the form of a unit that will meet widely 
divergent conditions. That is, from the manufacturing 
standpoint it is inadvisable to manufacture units of dif¬ 
ferent mechanical strengths for different weights of 
conductors and climatic loadings. The design hinges 
then upon a unit that in the heaviest lines considered 
under the most adverse conditions of loading will give 
an adequate safety factor and will yet be cheap enough 
to be used on the less important lines. 

The insulation afforded is obtained by building up 
strings of different lengths, but it is hardly advisable 
to attempt to insulate a line at great expense to with¬ 
stand almost infinite voltages when, due to the limita¬ 
tions of other apparatus connected to the line, the 
system will be inoperative under extreme over-voltage 
conditions. 

A study of existing lines and the probable limitations 
in conductor sizes and tower spacing of lines from 
150,000 volts down, indicates that a mechanical 
strength of from 9000 to 10,000 pounds is adequate 
for a suspension unit, provided the unit is so designed 
that repeated stressing does not injure the unit elec¬ 
trically. The rational design herein discussed is, 
therefore, based on this mechanical strength require¬ 
ment. The amount of discussion that has taken place 
recently regarding the use of porcelain in compres¬ 
sion and tension makes it advisable at this point to 
discuss this matter a little in detail. The mechanical 
strength of ordinary porcelain in tension is in the 
neighborhood of 1500 lb. per sq. in., while the com¬ 
pressive strength is around 40,000 lb. in a porcelain 
having reasonable dielectric and temperature change 
resisting qualities. On account of the wide differences 
in these two figures many engineers have been dubious 
of the advisability of using porcelain in tension. The 
same argument might be used against the employment 
of cast iron in tension* and yet, although having very 
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largely the same mechanical characteristics as por¬ 
celain cast iron is consistently used m tension in the 
design of machines and structural members As long 
as the unit stresses in the material are kept below the 
ultimate strength of the material with due regard to 
adequate safety factors, there is no rational objection 
to the employment of porcelain m tension any more 
than there is to a corresponding utilization of cast iron. 

Insulator Shape as affected by the Dielectric 
F ield of Force 

The dielectric field of force between similar electrodes 
is in general an ellipsoid of revolution though this is 
not strictly true, except between electrodes which are 
confocal hyperboloids of revolution, and no insulator 
electrodes are of this form. The agreement of the 
dielectric field with the ellipsoid is only approximate. 
However, the insulator should in general be symmet¬ 
rical and conform as far as possible to the shape of the 
dielectric field. The placing of dielectrics of differ¬ 
ent specific inductive capacitances m series should be 
avoided, and therefore, the surface of the insulator 
should follow as closely as possible the lines of force m 
the field In general the equipotential planes be¬ 
tween the insulator electrodes should intersect for 
equal increments of potential, equal zone widths on 
the insulator surface. In connection with this point 
it is interesting to study Fig. 1. In this figure it will 
be noted that the conventional type unit does not 
conform to this requirement and the result of this 
lack of conformity is the appearance of corona on the 
unit at relatively low voltages, the corona appearing 
first where the equipotential planes are closest to¬ 
gether The requirement of a symmetrical shape in¬ 
troduces at once the problem of attaching the hard- 
ware to the porcelain in a different manner from tha 
employed in the conventional insulator type. At the 
same time it becomes necessary to develop some form 
of hardware that will eliminate the terrific stresses 
imposed by the conventional type of hardware as 
previously discussed. Furthermore, in addition to 
the above requirements a large thermal capacity is 
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necessary in a unit to enable it to resist power arcs 
and this demands a rather massive porcelain structure^ 



Fie. 1-a— Potential Distribution on tuk Surface of 
Conventional Insulator, Indicated i»y the Intersection 
of the Insulator Surface with the Traces of the Eqitpo- 
tential Surfaces 

The voltage intervals bet,ween equipotential .surfaces are equal. 

The design of the hardware presents a further diffi¬ 
culty that is solved only by a compromise between 
ease of assembly and security of the connection against 



Fin. 14) • Potential Distribution on the Surface of 
Rational Suspension Insulator, Indicated by the Inter¬ 
section of the Insulator Surface with the Traces of the 

EqUI POTENTIAL Stl PEACES. 

The voltage intervals between equipotential surfaces are equal. 


actual failure or uncoupling. Furthermore, the hard¬ 
ware and shape design of the porcelain st ructure must 
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be such as to resist to the greatest possible degree 
abrupt temperature changes. 

DEVELOPMENT OF A RATIONALLY DESIGNED SUS- 

pension Insulator 

It is not generally appreciated by the high-tension 
engineers of the country that the electrical duty of 
tbl end unit is the basis of rational suspension insu¬ 
lator designs. Fig. 2 gives the distribution of voltage 
on the units of a string of suspension insulators, and 
it will be noticed that the conductor unit is carrying 
by far the greater proportion of the voltage stress. 




voltage: distribution 
ON STRING or 
SUSPENSION UN/TS 

Fig. 2 


This uni t is, therefore, the key to the design as, if it is 
so designed as to be safe, the rest of the units are ob¬ 
viously well within safe limits of engineering practise. 
The curves of Fig. 3 may be of interest, giving the per¬ 
centage of the total voltage across an insulator string 
that is carried by the line and tower units respectively. 
These figures bring out to a marked extent the advan¬ 
tage of a proper distribution of the equipotential planes 
as previously discussed in that such distribution pro¬ 
duces a uni t in which the corona voltage is very high. 
The reason for this unequal distribution of voltage 
has been discussed in engineering literature of recent 
years and will not be commented on here. In this 
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connection, however, Fig. 4 is illuminating in the light 
that it sheds upon the distribution of the equipoten- 
tial planes on an insulator string. This method of 
illustration is most graphic in showing the actual phys¬ 
ical conditions surrounding an insulator string under 
operating conditions. 

Referring again to Fig. 2, it is seen that under the 
conditions given with a five-unit string on a 110,000- 
volt delta-connected line (conditions which are being 
successfully met at the present time by the rational 
design under discussion), the conductor unit is sub¬ 
jected to a normal-frequency voltage of 33,000 volts. 
The maximum high-frequency transient that has been 
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reported by writers and investigators as likely to be 
met with in high-tension transmission lines is around 
100,000 volts. It has been shown that the effect of 
the normal and high-frequency voltages combined in 
a circuit is to produce stresses which are the arith¬ 
metical sums of the normal and high-frequency volt¬ 
ages. This is readily understood as according to the 
law of probability, the high-frequency and normal 
voltage peaks will coincide in time relation a certain 
percentage of the time. The very high time-lag of 
such highly damped high-frequency transients as are 
encountered on transmission lines, renders possible 
the application of such combined voltage stresses to 
an insulator without flashing it over. In other words, 
the line unit in Fig. 2 might have impressed upon it a 
total stress of 133,000 volts and though the flash-over 
voltage of the unit is 100,000 volts this unit would not 
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flash over under these conditions due to the large time- 
lag just mentioned. As insulators should operate with 
an adequate safety factor, it is obvious that under 
such conditions a puncture value of around 300,000 
volts at 60 cycles is necessary. In other words the 
puncture voltage of a rationally designed suspension 



p IG . 4 —Distribution of Potential Across String of 
Insulators 

Taken from ‘‘Distribution of Potential about High-Voltage Insulators — 
Alcutt and Skolfield, Journal of Electricity—June 17, 1916. 


unit should be in the neighborhood of three times the 
dry flash-over voltage at normal frequency and this 
is the fundamental basis of the design of rational sus¬ 
pension insulator units. 

While leakage is a question very largely hinging upon 
particular climatic or other conditions a rational shaped 
design has been found to improve the ability of a 
given length of surface leakage path to limit the leak¬ 
age current. Instances are known of ideal shape de¬ 
signs wherein the flash-over of the insulator was the 
same when previously cleaned, as when covered with a 
considerable coating of dust. This, of course, is an 
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extreme condition but the fact remains, and has been 
demonstrated in the laboratory, that proper surface 
shape is much more efficient in this respect than sur¬ 
faces wherein the divergence from the direction of the 
lines of force is marked. The length of the leakage 
path of a suspension type insulator is rather limited. 
The units are 10 in. (25.4 cm) or 11 in. (27.9 cm) in 
diameter, and if many thin petticoats are added to the 
unit to increase the leakage distance they are ren¬ 
dered much more susceptible to destruction by power 
arcs on account of the thin porcelain necessarily in¬ 
volved. 

Porous porcelain is undoubtedly the cause of a great 
deal of insulator depreciation. One large insulator man¬ 
ufacturer has recently made the published statement 
that non-porous porcelain could not be made, stating, 
“a low moisture absorption is desirable, but it must 
not be assumed that any satisfactory porcelain can be 
made which will have zero absorption/ 7 This statement 
is absolutely challenged. One of the first objections to a 
rational insulator design was made by ceramic people 
who stated some years ago to the author that there was 
no doubt that such a design was desirable but that it 
was impossible to make a porcelain insulator of the 
shape, volume and thickness necessary without hav¬ 
ing it very porous. After a great deal of factory and 
laboratory research this problem has been solved and 
insulators can be made in practically any size or shape 
of absolutely non-porous porcelain as determined 
either by the psychometer or impregnation tests. This 
matter will be further discussed later in the paper. 

It is well-known that the efficiency of an insulator 
string is a function of the ratio of the capacitance of 
the metallic interconnecting parts between the disks 
to ground to the capacitance of the insulator itself as 
a condenser and that the string efficiency is improved 
as this ratio decreases in numerical value. This point 
must be carefully considered in any rational design and 
hardware with a large surface between the units 
avoided as much as possible. 

The advisability of a high impulse ratio has been 
admitted only quite recently by engineers in general, 
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and this feature is of importance because the impulse 
ratio is a measure of the ability of the insulator system 
to withstand lightning frequency flash-over. The 
impulse ratio of a unit and of the string built up from 
such units is a very important feature of insulator de¬ 
sign, and one which has not received the attention 
that it should have received from most manufacturers. 

The voltage at which corona appears on a unit is of 
great importance as a reference to Fig. 2 will show, 
and it is important to have this corona-forming voltage 
as high as possible. On a rationally designed insulator 
this voltage should be considerably above 30,000 
volts while in many conventional type insulators at 


0 Impulse ratio • Rational Type. 
0 Impulse ratio-Conventional type. 
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present on the market corona appears rather decidedly 
at voltages from 12,000 to 16,000 volts. Fortunately 
the conditions necessary for the attainment of the 
above features of insulators influences in the right 
direction the value of voltage at which corona will 
appear on the unit. Many lines are in operation with 
conventional type units wherein additional units 
have been added above the actual insulation require¬ 
ments of the line to insure the operation of the string 
without corona on the conductor unit. 

The conditions discussed in general require conflict¬ 
ing features of design and render the design of any in¬ 
sulator more or less of a compromise, and the skill of 
the insulator designer is tested in producing the par¬ 
ticular compromise giving the best solution under the 
limitations of ceramic and manufacturing possibilities. 
The following brief description of some of the experi- 
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mental work undertaken in the research laboratories 
of Jeffery-Dewitt Insulator Company in the study of 
the design and manufacture of suspension insulators 

0 Puncture P'o/tage of P>orca/oin under oil with E/ectrode shown. 

0 " •* •* " " " " Spider Electrode. 

0Raho This gives •indication of the degree to which -the 

spmer approaches tne idea/ e/ectrode m flux distribution. 



may be of interest in showing something of the amount 
of work involved in such studies and something of the 
tendency and possibilities of future development. 



Determination of the Thickness of the 
Dielectric Between Electrodes 

As previously discussed the puncture voltage of the 
high-tension insulator should be approximately three 
times the dry flash-over voltage. Having given then 
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an acceptable dry flash-over voltage and mechanical 
strength, the first problem in the design of a rational 
insulator is the determination of the dielectric thick¬ 
ness between the electrodes. The curve 1 in Fig. 6 
gives the puncture voltage of one type of porcelain 
against thickness. This curve was obtained with the 
form of electrodes shown in the figure, and is the basis 
of the design herein discussed. 

The development of the hardware to meet the re- 
m quirements of symmetrical shape has been an interest¬ 
ing one. The first development in this design was ap¬ 
proximately the insulator shape shown in Fig. 7, and 
the hardware was a solid cap at each end cemented 
into the porcelain. Electrically this was an excellent 


INFLUENCE OF FIRING TEMPERATURE. ON PQRO^i FY 
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design, but on the application of the alternate im¬ 
mersion test wherein the units were immersed alter¬ 
nately in boiling and freezing water, it was soon found 
that the solid cap cemented into the porcelain was not 
permissible. The wide temperature variation im¬ 
posed by this test damaged the porcelain rendering 
it mechanically and electrically unreliable. A grad ual 
development towards flexibility resulted, after a great 
deal of experimental work, in the flexible spider shown 
in the design of Fig. 7. One of the features governing 
the development of this spider was the requirement 
that the plane of dielectric stress be maintained as 
near as possible normal to the- plane of mechanical 
rupture a condition which this method of attachment 
fulfilled admirably. The legs of this spider are fas¬ 
tened into the porcelain by an alloy having sensibly 
the same coefficient of cubical expansion as porcelain. 
By this means the well-known detrimental effects of 
cement are eliminated. The flexibility of the spider 
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gs combined with this alloy give a unit that will with- 
stand the alternate immersion test an indefinite num¬ 
ber of times without any detrimental effect on the in- 

toSlTl! TeS ? ^ been made of this ^racter up 
to 100 alternate immersions followed by high-frequency 

Alfo'fir 3 f an / J fin , al breaking in a ten sion machine 
tests indicate that the unit as designed is 
free from the detrimental effects of wide temperature 
variations. After the development of this spider 

of X 2 ° f / lg ‘ 6 W f made t0 determine the efficiency 
of the spider as a flux distributor. This efficiency is 

given m curve 3 of the figure and shows in the thin¬ 
ness of the porcelain used in the unit (57 millimeters), 
A m., a value of 72 per cent. This value is the ratio 
tbe panctur ® volt ages in the same thickness with 

ao-e isXhatX eI i! C f t f° deS ’ but as the Puncture volt- 
afVX , , WhlCh the dl6leCtric flux concentration 
at ts point of maximum intensity exceeds the critical 
value, it is also a measure of electrode efficiency as a 
^ obtaining a uniform flux distribution, 
he difficulty of making a porcelain insulator of this 
thickness has deterred manufacturers from progress 
m this direction, and we can substantiate a manufac¬ 
turer most emphatically in this difficulty. A great 
many thousand dollars were spent before we difcov- 

w?tW W fX man aCtU1 ' e porcelain in this thickness 
without firing strains or porosity. It mav be said 

from thf th l S ° luti0n Evolved a radical departure 
ZT.u f P rehls u toric methods of porcelain manufac¬ 
ture that have been followed continuously for a long 

mXX “X por f lain factories. These changes are 
met ttroughout the process from the original hand¬ 
ling of raw materials through the final firing processes 
and it is only upon the development of these special 

the C usrofX^Ration of sp^ 1 drying methods a J 

he use of the tunnel kiln for firing control that the 
problem has finally been solved. Fig. 8 gives the fir- 

a7d fiffisW U X POrOSity CU1 ' Ve f ° r one P° rcela m body 
ad !fl te f narr ° W range over whicb th is body 
y _ e fired to produce non-porous porcelain In 
securing this curve the porcelain test pieces were fired 
to various temperatures and cooled, the test being 
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made at room temperature, that is, the abscissas on 
the curve represent maximum firing temperature of the 
sample while the ordinates are the porosity of the 
s am ple after firing and cooling. A discussion of this 
characteristic has been given. 1 ; 

Tests And Investigation of The Rational Insu¬ 
lator as Developed 

As mentioned before, the impulse ratio of a string of 
insulators is of very great importance and with an 
insulator of rational design the impulse ratio should be 
high. The curves in Fig. 5 are very interesting in this 
connection and show the excellent results secured by 
this rational design in impulse ratio in the individual 
unit and strings. The unit as designed will, therefore, 
for a given number of units in the string, have a very 
much higher flash-over to lightning disturbance than the 
conventional type unit with a lower impulse ratio. 
This, combined with the large mass of porcelain, thick 
petticoats and general substantial character, gives the 
unit a remarkable ability to withstand lightning con¬ 
ditions and their resultant power arcs. 

The claim has been made that repeated mechanical 
stresses will weaken porcelain, and also that porcelain 
in tension is weakened electrically when under stress. 
In investigating this; units of the type described have 
been stressed to 9000 lb. (4100 kg.) in the tension 
machine and subjected to dry flash-over at 200,000 
cycles while under stress. This test was continued 
until the units had been under stress for several days 
and at the application of high-frequency flash-over for 
as long periods as 100 hours there was no indication 
that this mechanical stressing affected in any way the 
dielectric quality of the insulator. This is not sur¬ 
prising as the plane of mechanical stress is normal to 
the plane of dielectric stress as before mentioned. To 
study the effect of repeated or continued mechanical 

^‘High-Tension Insulator Porcelain,” W. D. A. Peaslee, 
A. I. E. E. White Sulphur Springs, June 29, 1920. “Test of 
Electrical Porcelain in Factory & Laboratory”, W. D. A. Peaslee, 
American Society for Testing Materials, Asbury Park N J ’ 
June 22d-25th, 1920. 
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stress, strings of insulators have been hung out in the 
weather with a dead load of 5000 lb. (2270 kg.) each, 
and periodic tests are being conducted to ascertain the 
condition of these insulators, and the results so far have 
not shown any indication that this fear is warranted. 
Further, repeated shocks and tension tests on porcelain 
samples under various conditions indicate that por¬ 
celain is not injured in any way by repeated stressing, 
unless the applied loads stress some part of the por¬ 
celain beyond its ultimate strength, if this is done 
porcelain will fail quite naturally, as will east iron or 
any other brittle material, but the results of practise 
and continued and careful laboratory tests indicate 
that the previous fear of fatigue due to emit inued work- 
mg of the porcelain mechanic-ally is ungrounded, 
these tests are being continued and some rather inter¬ 
esting reports will be made to the Society in the future 
as to the results secured from laboratory and prac¬ 
tical tests of this nature. ' 1 

Factory Tests 

It is doubtful if any developed test sat the present 

inTitwdl can l e a PF lied u> an insulator without injur- 
g it will prophesy its operat ion when on (he line as to 
depravation and for that reason we have m ,t 

“X d “ in ™ 

The fuchsine method of testing for porosity 5 is used 

car°of 70 C ^ ry { T* “? fflaaed unit h< ‘ in « pbwfld in each 
This unit is’ 3 bmt C r ^ pu! ' !s .?' hrou * h ll,t ' kiln. 

Si iSe “flto !“'! 1 

Fig 8 It insmv>«Vi 1 ! ' SM > <> nmw ‘‘ as indicated in 

porous units inevitable in ou-mtitl U I iUmb<Tof 
-- iUU,lc ,n quantity manufacture of 

AinGrictiii Society for *TY*qf mre m < * * 

^Tune 22&~25th, IQ2C),‘ ' k H ' IaLs * Aabwry Park* N.J. f 
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porcelain. After the inspection of fired porcelain the 
hardware is assembled and each unit is subjected to a 
5000-lb. (2270-kg.) mechanical load. After this load 
each unit receives a two-minute dry flash-over at 200, 
000 cycles. The units are then again inspected and 
turned over to the assembly department. It is be¬ 
lieved that the best insurance the customer can be 
given as to the quality of the product he is buying is 
that the manufacturer started with a rationally designed 
product correctly proportioned and manufactured 
to fulfill the required conditions. A certain percent¬ 
age of the finished product should then be tested to 
destruction to determine that the required standards 
of manufacture are being maintained. To this end a 
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certain percentage of the product delivered to the ship¬ 
ping department is selected at random by. the research 
laboratory and tested to destruction. The plotting 
of the data secured from these tests establishes a prob¬ 
ability curve for the product considered, the study of 
which has revealed some very interesting things 
regarding manufacturing limitations. 

Furthermore, when this probability curve is once 
established with accuracy any test falling outside the 
determined limits on this curve is a danger signal and 
further tests are at once made. If these tests confirm 
the first results an immediate investigation is made to 
determine wherein the factory processes are not main-. 
taining the required standards. It is believed that 
this method of testing is better than the imposition of 
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very severe acceptance tests on all the units, as such 
tests, unless carried to destruction, tell very little re¬ 
garding the future performance of the insulator. 

Operating Characteristics and Selection of 

Units 

. The selection of proper insulator strings for any 
given transmission line involves a rather careful study 
of a good many conditions. Given a rationally de¬ 
signed insulator, the individual characteristics of 
which are accurately known, the selection of the num- 
ber of units for a string for given conditions is a mat ter 
of the development of the proper safety factor for (lit* 
right conditions, using as a basis the worst line condi¬ 
tions liable to arise. In this connection the curves of 
fig- 9 are of considerable interest. Wet. flash-over 
values are rather deceptive. Due to the leakure cur¬ 
rents, the distribution of the voltage amongst the 
units of a string is very much improved. Furthermore 
wet flash-over values are apt to be errat ic unless con¬ 
ditions are very carefully controlled as to the purity 
of the water used, precipitation, size of spray, et e. I n 
general, the selection of the proper strings' involves a 
determination of the worst electrical conditions likely 

teri b e- met ° n me and the Action from elmrac- 
tenstic curvesof the insulator of a string that will give 

The cuJve q fi? a o t0r Under thesG worst conditions, 
he curve 3 of Fig. 9 is very interesting as a measure 

quenT in n Fta°10 eCl *° dis ‘“ rbam * «f litclilningW 

given that ‘f interesti n K data are 

g 1 7 ’ tJ l at to ° 0:ften !gnored m the selection of in. 
sulators for a transmission line, especialIv when it 
remembered that an increase of 45 deg. cent,. (Up <j (>1 T 
fahr.) m temperature is equivalent to on r 
3000 ft. (914.4 m.) of the line After , ! V ^ ° f 

u r; 

not, the string should be readjusted -V ! , . 

umt under proper conditions, a Li then i hi™, it . 
ammed on the basis the margin of £££% 
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on the failure of one unit. The readjusted values of 
the voltage on the different units and the resulting 
safety factors will give a very good idea of the advis¬ 
ability of further insurance against trouble by the ad¬ 
dition of end units. This question is, of course, an 
economic one, and the amount of money that it is per¬ 
missible to pay for such protection is a question that 
each engineer must decide for himself. 

Future Progress 

The insulator situation today is in a state of constant 
development and considerable progress may be ex¬ 
pected in the near future. Certain recent investiga¬ 
tions indicate 3 that piezo-electric effects may be of 

For strings of more than 3 units use <S as DEO. reduction factor. 

r = 3 : 32 x A 6** Barometer m Cm. t- Degrees O. 

273* t 

An increase of ‘45°-C0/Q°f r Jin temperature is equivalent to 
an ala vat ton of 3,000 feet. 
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considerable influence in porcelain depreciation and 
recent developments indicate that this situation will 
soon be met in a very satisfactory manner. Also, some 
rather interesting work is being done at present on the 
solubility of porcelain in water under the conditions 
existing in the capillary passages connecting the voids 
of porous porcelain. Investigations are under way 
using pressures around 10,000 lb. per sq. in. with very 
high and very low temperatures to accelerate this ac¬ 
tion and, by means of the microscope, determine from 
samples of porous porcelain that have depreciated in 
the field compared with the porcelain subjected to 

3. W. D A. Peaslee, “High-Tension Insulator Porcelain 
A. L E. E. White Sulphur Sorings, June 29, 1920. 
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accelerated tests in this manner, to what extent this 
solubility may be responsible for increasing porosity. 
The problem of very high-voltage transmission sys¬ 
tems is being studied and some new types of insulators 
made up of rather special porcelain bodies are being 
developed that will meet this situation without; diffi¬ 
culty and by the time there is money available to build 
any of the large projected extremely high-voltage lines, 
insulator manufacturers will be ready to meet the 
problem. 
















Presented at the Pacific Coast Convention of 
the American Institute of Electrical Engi- 
neers , Portland, Ore., July 21, 1020. 


Copyright 1920. By A. I. E. E. 


UNIT VOLTAGE DUTIES IN LONG 
SUSPENSION INSULATORS 


BY HARRIS J. RYAN AND HENRY H. HENLINE 

Both of Leland Stanford Jr. University 


P OTENTIOMETER measurements* were made 
of the maximum and average voltage duties oc¬ 
curring in strings made up of 10-inch cap and 
pin type units wherein the numbers of the units were 
varied from 2 to 20. The numbers of units in the 
string and their corresponding maximum to average 
voltage duty-ratios thus obtained were used to locate 
curve II in Fig. 1. The increase in the duty-ratios is 
small for the shortest string of two units, it accelerates 



rapidly as the string is lengthened to 7 units and then 
remams constant at the rate of 0.09 per uni 
added from 7 to 20. Such increase is low and aecete 
atmg m short strings of from 2 to 7 units while it i 
high and constant m long strings of 7 or more units 

max n imum n t? ° f ^ *** ^ ™its th 

maxim um to average voltage unit duty-ratio wa, 


The High-Voltage Potentiometer by 
Tkans. A I. E. E. Vol. 35, p. 1131,1916. 


Harris J. R y , u 
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found to be 2.5 thus locating approximately the steeper 
broken line curve I, Fig. 1. 

The relation between the unit maximum voltage 
duty, number of units in the string and three-phase 
line voltage is given by the equation 

d r e 

&md T" 

1.73 n 


wherein e = three-phase line voltage 

e md = maximum voltage unit duty 
n = number of units in string 
d r = corresponding duty-ratio taken from 
sources in Fig. 2. 



Fig. 2 


By means of this equation, using values of d r from 
curve II, Fig. 1, the maximum voltage unit-duties for 
corresponding numbers of cap and pin units in the 
string were determined for line voltages of 110, 150, 
175 and 220 kilovolts and employed to locate curves 
, I, III, and IV in Fig. 2. Again by using values of 
o r lor bomb and link units from curve I, Fig. 1 for a 

line voltage of 150 kilovolts, curve V, Fig. 2, was lo- 
eated • 


An inspection of these curves reveals the fact that 
when the maximum and average voltage unit-duties 
are assumed to be limited to 18 and 10 kilovolts re- 
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spectively for cap and pin type units the upper limit 
of line voltage will be 150 kilovolts and the length 
of the string will correspondingly be 0 units. Increas¬ 
ing the number of units from 9 to 20 at this fixed line 
voltage would lower the maximum voltage unit-duty 
from 18 to 16 kilovolts, only, permitting a corres¬ 
ponding rise of line voltage in the proportion of 16 to 
18, i. e., 11 per cent, or from 150 to 165 kilovolts, an 
amount that would hardly pay in whole or in part. 



For a nine-unit string of bomb and link unit* supporting 
a 150-kilovolt line the maximum and average voltage 
unit-duties as obtained from curve V, Fig. 2, are 20 9 
and 9.6 kilovolts respectively. While these values 
are probably permissible, judgment in regard herein 
does not appear to be as well defined as for the cor¬ 
responding values of 18 and 10 assumed for (he euo 
and pm type units. 1 

The curves reveal further that a.) im-reuse i„ string 
length from 10 to 20, cap ami pin , mils . „j[j 

cause a corresponding increase of about 9 per cent 
m the line voltage at which the air about the unit 

adjacent to the line conductor must be broken down 
They reveal likewise no increase in the eara**nrainlhw 
ime voltage for the onits of the wUZST "* 

When used to support and insulate a 220-kilovolt 
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line a 13-unit cap and pin string would operate at 
maximum and average unit voltage duties of 25 and 
10 kilovolts respectively. The arrival of loss and 
corona formation with increase in voltage duty sus¬ 
tained by a 10-ineh cap and pin type unit may be 
noted in the watts lost-kilovolts curve in Fig. 3. Many 
engineers feel that a duty of 25 kilovolts for'a single 
10-inch cap and pin type unit is too high because of 
corona formation and the injury to hardware and por¬ 
celain that may result, likewise because of the low 
factor of safety against flash-over by cascading. This 
latter factor is the cause that eliminates the value of 
a radical departure in the design and construction of 
the units whereby they would endure satisfactorily 
much higher . maximum voltages. Such practise 
would tend to increase unduly the maximum to average 
duty-ratio resulting in low flash-over values. It is 
generally conceded, therefore, that in the present state 
of the art some additional means must be employed in 
suspension insulators for the 220- or 250-kilovolts lines 
whereby the maximum unit-duties will not be exces¬ 
sive compared with those of present practise. 

These maximum unit-duties may be lowered by 
one or more of the following expedients: 

I. Increase in size and capacitance of some or all 
of the units; grading. 

II. Increase in the number of strings in the insula- 
lators. 

III. Use of static shields. 

The first of these, i. e., larger units and grading, is 
regarded primarily as a manufacturer’s problem and 
will not be taken up in the present paper. 

As to what may be accomplished by means of the 
second and third of these expediencies the following is 
an illustration: The reductions in maximum uni t 
voltage duty produced in a 20-unit, 10-inch cap 
and pm type, insulator, (1) by using two strings and 
(A) by adding static shields made of 2.5 inch well cas¬ 
ing 4 feet in diameter, were observed in 1917 by Dr. 
Leonard F. Fuller and one of the authors in the de¬ 
velopment of an insulator for the temporary support 
of a heavy radio aerial operated at 100 undamped 
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wave kilovolts to ground. The results obtained are 
targeted correspondingly for The 220-kilovolt power 
line in Fig. 2. The maximum unit voltage duty for 
the single string was found to be 23.5, for the double 
string, 15.5 and for the double string with static 
shields, 10 kilovolts. . 

Another set of measurements was made by the au¬ 
thors for the specific purpose of illustrating the effect 
that the use of a small static disk shield would have 
upon the maximum voltage unit-duty in a single string 
of cap^ and pin type units. A dimensioned sketch of 
the shield used in this case is given in Fig. 4. It is 12 
inches in diameter and was developed by Mr. John A. 
Koontz. A single twenty-unit string without the 
shield was first set up and the maximum voltage duty 
carried by the end unit adjacent to the line conductor 


m 
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Fig. 4 


was determined. The string was then shortened first 

T ? UnitS and the corresponding maxi- 

SrhT dUtl6S als ° determined - The values 

thereby obtained were targeted with little squares for 

weJefoun^S b 150 kll0V0lts inFi S‘ 2 > and the values 
were found to bem agreement with the corresponding 

va ues m curve II as calculated from curve II, Fig.l. 

The static shield was then mounted and as the string 

was further shortened, one unit at a time the cor 

responding maximum voltage unit-duties were again 

ciTvi % rlt " th -e.es to S 

curve vi, rig. 2. The same set of values ncr ,,i 

r^u'rveIH™ k"T‘F ora? J 0lta8e , 

^porting the iSO-Hovolt line, the' e!£ft of the IT 
corresponds to an allowable upper limit of Itae ^ 
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of 150 X 17.5 -T- 15 = 175 kilovolts. The essential 
values for such higher voltage would stand as follows: 

No. of units in string, ten with 12-in. shield. 

Line Voltage, - 175 kilovolts 

Voltage to neutral 101 “ 

Average voltage unit-duty, *10.1 “ 

Maximum “ “ 17.5 “ 

The corresponding values for the nine-unit insulator 
without static shield supporting the 150-kilovolt line 
are: 

No. of units in string, nine without shield. 

Line Voltage, 150 kilovolts 

Voltage to neutral, 86.6 u 

Average voltage unit-duty, 9.6 “ 

Maximum “ “ “ 18. " 

It follows that the ten 10-inch cap and pin unit sus- 
pension insulator equipped with the 12-inch static 
shield should serve as satisfactorily for the insulation 
of the 175-kilovolt line as the corresponding nine -unit 
insulator without shield now serves to insulate the 
150-kilovolt line. 

From these two illustrations it is seen that by the 
practicable expediency of increasing the capacitance 
of the units, of increasing the number of strings of 
units or of using static shields, or by a combination 
thereof, the maximum voltage unit-duty may be lowered 
in the long strings (15 units) from 30 to 11 kilovolts 
for a corresponding average voltage unit-duty of 10 
kilovolts. Or more technically, the rate of increase 
of maximum to average voltage unit-duty ratio with 
unit increase of string-length can be decreased in 
long strings by such expedients from 0.2 to 0.02. 

Many physical, economic and practical factors enter 
into the general problem of the extra high-voltage line 
insulator, first as to the make-up and service character 
of the single unit apart from the insulator as a whole, 
and second with respect to the number of units in the 
insulator string, the number of strings and the form 
and size of the static shields to be employed. The 
present units in use are due to a highly organized and 
experienced cooperation of ceramic, structural and 
electrical engineers. The integrity of the individual 
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units is a matter of the utmost importance for which, 
because of the nature of things, the manufacturer must 
assume responsibility. Not until the manufacturer 
has amply demonstrated his immediate readiness to 
deliver by economic quantity production, durable 
units in which radical changes have been made in 
design, size and rated mechanical and electrical duty, 
can the transmission engineer count upon the use of 
such units for the support of extra high-voltage (220 kv.) 
power lines. Such lines will constitute channels 
through which enormous powers will flow for main¬ 
taining the vital industries of regions that are state¬ 
wide. Avoidable interruptions cannot be tolerated. 
Uncertain factors in the reliability of these super¬ 
power lines will have to be reduced to a minimum. It 
has taken years to develop for economic quantity pro¬ 
duction the excellent ten-inch units that are now in 
extensive and dependable use. Unless the manufac¬ 
turer cam make an ample showing that he is ready to 
deliver in quantity, designs for extra high-voltage line 
insulators that have an aggregate superiority in essen¬ 
tial qualities, i. e. form, durability and cost, the trans¬ 
mission engineer will assuredly undertake the insula¬ 
tion of the extra high-voltage lines with the present 
units because he knows the essential limits within 
which he can depend upon them. 

J? 6 ® I i ec ' trical factors in the extra high-voltage in¬ 
sulator that concern the transmission engineer, eventu- 
ll T r ® c ? uee to tliree fundamentals, viz.: (1) type of 
U %V 2 j “ aximu “ and ( 3 ) average voltage unit-duties, 
he determination of these must rest upon a capable 

ment^lTH? iudgmmt f° r any 

“if- ls the Purpose of the authors to deal only 

tie secon^T*! that exist b ^ween 

* x/rsn, t. 
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maximum to average unit-duty relations when two 
or more strings and static shields are involved. The 
relations can be determined only by measurements. 
Such measurements must be undertaken indoors. It 
is work that requires large open spaces that are ordin¬ 
arily difficult to provide. At no time in the present 
work did the authors have at their disposal as large a 
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space as desired in order to be assured that the presence 
of walls or nearby laboratory equipment would not 
affect the value of the results. It was necessary, 
therefore, to test the integrity of the results by such 
means as were at hand. In so doing measurements 
were repeated with the insulators and their high- 
voltage line conductors inverted in position with respect 
to the ground and the potentiometer; by moving them 
away from nearby walls and model of tower to a posi- 
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tion of greater elevation and isolation in the center 
of the building. When substantially the same results 
were obtained for all such positions as specified, it was 
concluded that the nearby walls and low elevation of 
the insulator and high-voltage conductor did not pro¬ 
duce results essentially different from those that would 
be obtained when the insulators would be mounted in 
the open from regular tower cross-arms. 

The results obtained are expressed in the series of 
Figs. 5 to 21 and the accompanying tables. In the 
figures, sketches approximately to scale are given of 
the forms of long insulators of single and double strings 
with or without static shields. In the table found 
below each insulator sketch, the values of the voltage 
duties are given that are carried by the corresponding 
units in the string. Such values throughout for all 
of these eases have been adjusted to a uniform average 
unit-duty of 10 kilovolts. The actual voltages applied 
to the insulators when the measurements were made 
were always near to the value 

Kilovolts = 10w 


wherein n is the number of units in the insulator string. 
Thus one may note in the tables the ratios of any 
actual to average unit voltage duties by dividing the 
duty as given by 10. For the aid of those who are 
accustomed to think of the unit-duties in percentages 
of total applied voltages, parallel columns have been 
inserted in the tables giving such percentages. It is 
assumed that these sketches and tables are for the rest 
self-explanatory and that little further narative in 
regard to them is necessary. 

- 1 th6 upper end the insulator under test 
metal tubes were mounted horizontally and vertically 
to the floor so as to affect the electric field about the 
insulator in the manner that would be done by the 
upper Portion of a particular tower with its cross-arm 
1 it US6d m a new pr °i ect for the support of a 

of theZt P ° W fl r 1 !f e - The upper or c ross-arm end 
of the unit was fixed at about 16 feet from the con¬ 
crete floor and the vertical central axis of the insulator 
was about eight feet from the dry brick wall of the 
ora ory. Exceptions hereto occurred when the 
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insulator was inverted or removed to the center of the 
laboratory for checking purposes. In the latter case 
the 20-foot, 1-inch line conductor, maker’s standard 
line clamp and first unit were mounted approximately 
16 feet from the floor while the upper grounded end- 
unit was higher by the length of the string, i. e. at a 
height of from 20 to 25 feet while the central axis of the 
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“ re Tl e from the vertical grounding wire 
ff *t and the nearest brick wall about 15 feet. 

iSS ? S f occurred in the single case of the 
nsulator mounted with jumper for strain duty. The 

Suctor 1 ° ne ~ inCh diam6ter alumi ™ cable 
conductor and jumper were mounted in the vertical 

the ™d itTVT ap , pr u oximatel y eight feet from 
gr und. It is 4 believed, however, that the results 









1920] HARRIS J. RYAN AND H. H. HEN LINE 


If *70 


obtained are near to those that would be obtained 
correspondingly under actual service conditions. 

Unit voltage duty measurements were made with 
and without a single, circular, 26-inch diameter static 
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effective in lowering the maximum unit voltage dutv 
thereby offsetting the rise in such duty produced bt 

SdT at ?r dM , t0r “ the axis ° f «“ 
nstead of at right angles thereto; and the further 

lesson that with the aid of a static shield the strain in 

sulator can be adapted for extra high-vSS^u^ 

^Because of the suspension insulator 

Because of the extra tower clearance required for 
the long insulators equipped with large guards the idea 
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were used and sufficiently extended and maintainor? 

tbp 1 ^ 33 ^ 6 ° f theC0nduct0r the y serve to reduce 
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core and tine, wet The results thus obtained are given 
m the tables below Figs. 18, 19 and 20. The “rain” 
introduced a strong grading effect, greatly reducing 
the maximum to average unit voltage duties Such 
reduction m this particular case was made to occur 
from 2.2 to 1.4. 

. ^ the suggestion of one of the engineers who has 
followed the progress of these studies, the unit voltage 
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duties were determined in an insulator that was.sub¬ 
jected to two synchronous m-phase voltages, 63.5 and 
127 kilovolts, corresponding to a double line voltage 
of 110 and 220 kilovolts. The purpose hereof.was to 
obtain knowledge of the corresponding reduction m 
unit-duty voltages that result from the use of the 
associated lines, one of which would serve for the flow 
nf trunk line power and the other for power for more 
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local purposes. A single 15-unit cap and pin type 
string without static shield was arranged to support 
two 1-inch diameter conductors as illustrated in 
Fig. 21. The conductor carrying the lower voltage 
was mounted in the horizontal between the seventh 
and eighth units. The companion conductor carry¬ 
ing the higher voltage was mounted parallel thereto 
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from the end unit by means of the maker’s standard 
clamp. 

With the insulator, conductors and voltages ar¬ 
ranged as specified the unit voltages were then measured 
and the values obtained were used to locate curve 1, 
Fig. 21. This curve reveals the manner in which the 
unit voltage duties varied from unit to unit. For 
comparison the broken-line curve II was located with 
the corresponding unit voltage duties that were ob¬ 
tained from the same insulator arrangement except 
that the conductor carrying 110 kilovolts was omitted. 



It is of interest to note that the ratio of the maximum 
to average unit-duties was reduced from 2.74 to 1.65 
by the presence of the additional conductor carrying 
one-half main-line voltage. 
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Conclusions 

1. Suspension insulator units in common use. can 
be satisfactorily employed for the make-up of insu¬ 
lators for 250-kilovolt lines. 

2. Increase in the number of strings in the suspen¬ 
sion insulator will permit the use of a limited increase 
in line voltage. 

3. Static shields in requisite forms will lower maxi¬ 
mum unit voltage duties so as to permit the satis¬ 
factory insulation of lines for the use of voltages far 
above 150 kilovolts. 
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ELECTRICAL CHARACTERISTICS OF THE 
SUSPENSION INSULATOR-II 
The Line Insulator at the Higher Voltages 

BY F. W. PEEK, JR. 

General Electric Co., Pittsfield, Mass. 

I T is the purpose of this paper to review the duties 
of the line insulator at voltages above 100 kv. and 
compare them with the duties imposed by the 
lower voltages. It seems desirable to do this at the 
present time in order to predict the reliability of future 
high-voltage lines as compared with those at present 
in operation, and to point out what changes, if any, 
are necessary in present practise. The discussion is 
based in general upon data and operating experiences 
of many investigations and, in particular, upon exten¬ 
sive investigations made by the author during the last 
few years. Quite complete data on that phase of the 
author's investigation dealing with voltage distribution 
will be given. 

Present Status 

At the present voltages the problem is primarily a 
mechanical one. Mechanically, porcelain would never 
be selected as a line support. It is unreliable in 
tension, subject to cracking, and if made in large pieces 
subject to porosity. The greatest care is necessary in 
manufacture to secure a uniform, tough, non-brittle 
material, free from porosity. Unfortunately it is the 
only material that we know of at the present time 
that will withstand the weather without the carboniza¬ 
tion and deterioration of organic compounds under the 
electrical stress. 

Generally after three to five years of more or less 
successful operation, insulators selected by the most 
careful electrical tests begin to fail rapidly. There are 
of course exceptions, but the experience is quite general 
and most operating companies anticipate breakdown 
by periodic tests designed to weed out faulty units. 
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The apparent deterioration of porcelain is generally 

due to one of the following causes. 

1. Gradual mechanical cracking, due to expansum o 
cement or tight-fitting metal parts, or to internal tiring 

strains or brittle porcelain. 

2. Gradual absorption of moisture due to porosity. 

The greater part of the trouble has been due to 

cracking under stresses caused by expansion of cement 
or of tight-fitting or cemented-m metal parts, t rack¬ 
ing may also be caused by uneven expansion m very 
thick porcelain parts of different shapes. 

The foregoing causes of deterioration are well verified 
in practise', because the type of insulator in which the 
porcelain units are strung together by loose hit mg 
metal parts or cables shows no deterioration after ten 
years or more of service. This was found t o be so e\ on 
when some of the earlier units were made o poor 
material. The absorption of moisture seems to be due 
to a considerable extent, to breathing. 1 lit pH sum 
of a damp sponge of cement is thus also undesirable 
from this standpoint as it keeps moist the air breat hed 
by the porcelain. 

The solution of the deterioration problem seems to 
be to start with a design as free as possible from expan¬ 
sion troubles and the selection of a tough, mm-porous 
porcelain. Years of service have been t he best criterion 
of design. Regarding the selection of material, no 
present, practical electrical test will anticipate future 
cracking due to internal strains or brittle porcelain or 
will indicate porosity in dry porcelain. The desired 
results can probably best be attained by testing a 
small percentage of the product, to destruction from 
day to day after the usual electrical and inspection 
tests have been made, the object being to determine if 
the product is up to the standard and of uniform 
quality. This idea is not: new, but is used in t he manu¬ 
facture of lamps and in other industries. Electrical, 
mechanical and porosity uniformity tests are necessary. 
Extremely accurate tests are not necessary, but it is 
necessary to have tests that can be quickly made so 
that any fault can be at once detected and ream li<•< 1. 

In our investigation we made first the electrical 
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tests, followed by mechanical impact tests to destruc¬ 
tion. Samples were then taken from the head and 
thick parts of the units and subjected to a porosity 
test. In this test the samples were placed in a dye 
solution under pressure, after which the depth of 
penetration was noted. The porcelain was placed in 
three arbitrary mechanical and porosity grades and a 
graphical chart made indicating the percentage in each 
grade as shown in Fig. 1. We found this method of 
great use not only in checking the product and com¬ 
paring different materials, but also in studying deteri¬ 
oration of insulators in service. 
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POROSITY TEST 


XI'xg. 1—Sample Sheet Showing JVIethod of Plotting 
Electrical, Mechanical and Porosity Tests 


Insulators for the Higher Voltages 

The problem of deterioration discussed above, is 
independent of the voltage. Its effect on operation 
should be less at the higher voltages because of the 
greater number of units used in a string. There are, 
however, certain factors unimportant at the lower 
voltages, which become of increasing importance as 
the voltage is increased. 

Uneven Voltage Distribution. It has long been known 
that when insulators are placed in series in a string the 
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arc-over voltage is not the sum of the arc-over voltages 
of the individual units, but less. This is due to the 
uneven division of voltage on the different units. A 
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p IG . 2 —Typical Voltage Distribution Curves on Strings 
of Suspension Insulators 

very high percentage is across the unit nearest the line. 
Typical curves are given in Fig. 2. Fig. 3 shows the 
percentage of the total voltage across each unit of a 
string of ten. Even distribution would put 10 per cent 
on each unit as indicated by ^ 
the dotted line. It will be "-— 

noted on examination of Fig. 2 I j 

that for strings over five units i4i 1 |C 2 _. , 4 i 

in length, there is always Jp '> 

about 30 per cent of the total — 

voltage across the insulator h ' lT 2 -ll -^— 

nearest the line. This will _ Cl 

vary from 20 to 30 per cent i- 2 ijc 2 __j | 

with different types of insula- cV '* 

tors and with different hard- j i ^n— 

ware on the same type. The —-1 l—^j, 


Fig. 4—Cause of 
Uneven Distribution 
The capacities to ground Ci 
cause an uneven distribution 
of current through, the insula¬ 
tor capacity C 2. 
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Fig. 3—Voltage Distribution on 
String of Ten Insulators 
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importance of a consideration of this factor at 
the higher voltage is at once seen since the 
maximum unit stress increases directly with the 
voltage. At 100 kv. the operating stress on the line 
unit is 17.4 kv.; at 220 kv. it is 38 kv., which is higher 
than is desirable. 1 It is desirable to lower the operating 
stress on the units near the line. 




Fig. 5—Grading by Making Internal Capacity op Insula¬ 
tor Units C 2 Large Compared to the Capacity to Ground 
Cl 

A mathematical analysis of the cause of uneven 
distribution has already been given. 2 It seems best, 
however, to give here an elementary review of the 
causes of uneven distribution in order better to discuss 
the methods of remedying it. 

A string of line insulators may be considered as 
being made up of a number of capacities in series. 
There is also capacity from the hardware and fittings 


1. —— X 0.30 = 38. In the case of a grounded line on a 

V3 

system with isolated neutral this voltage would be 220 X 0.30 
= 66 kv. 

2. Peek, “Electrical Characteristics of the Suspension Insu¬ 
lator—I,” A. I. E. E. Transactions 1912, Vol. XXXI, page 907. 
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is approximate, but suitable for the purpose of illus¬ 
tration. 

It is at once apparent that the capacity currents 
cause unequal voltage distribution. If i is the total 
current through the first insulator, the capacity current 
through the second one from the line is i — ii where h 
is the capacity current to ground; and third from the 
line i - 2 ii; the fourth i - 3 i u etc. The current and, 
therefore, the drop is greatest on the line unit; the 
current decreases successively on each unit from the 
line by the current to ground of one unit. Correction 
of voltage distribution may be made by eliminating 
the effect of the ground current or the capacities to 
ground, CV 

This may be done by any one of the following 
methods: 



Pig. 8—Voltage Distribution on String op Ten Insula¬ 
tors 

1. Increasing all of the C 2 capacities without increas¬ 
ing the Ci capacities so that the effect of the current to 
ground is relatively less. See Fig. 5. 

2. Increasing the C 2 capacities of the insulators 
along the string in proportion to the currents flowing 
through them. This means highest C 2 capacity on the 
line unit, less on the next unit, etc. See Fig. 6—This 
is generally called grading. 

3. E limin ation of the ground capacities by means of 
an antenna shield from the line. See Fig. 7. This 
may be called shielding. 

In order to get appreciable results by method 1, it 
is necessary to add capacities with solid insulation, or 
plates in intimate contact with the porcelain. Plates 
along the string will not help materially, as the per¬ 
centage increase in the C 2 capacities will generally be 
smaller than the percentage increase in the C i capacities. 
. Method 2 is practical but it must be accomplished 
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-Grading by Metal Caps 


units in multiple along the string, or using different 
sizes of units. Very good results can be obtained by 
this method. Its undesirable feature is that it requires 
different kinds or sizes of units in the same string. 
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Figs. 8 and 9 show the voltage distribution in a string 
graded by placing different sizes of caps along the 
string. 

Very good voltage distribution can be easily obtained 
by method 3. The ground capacities may be thought 
of as being due to grounded antenna extending along 
the string. The effect of this antenna may be elimi¬ 
nated by a similar antenna connected to the line and 
extending along the string as in Fig. 10. In practise 



Result 


Pig. 10 —Shielding by Eliminating the Effect of the 
Capacity to Ground 

the antenna is the very simple shield shown in Fig. 11. 
The hardware shown in Fig. 11 is not standard but was 
selected for laboratory purposes to give the worst dis¬ 
tribution. The shield readily corrects it. The maxi¬ 
mum unit stress would be less on a 220-kv. shielded 
string than on present non-shielded strings operating 
sucessfully at 100 kv. and less. The distribution with 
and without the shield is shown in Fig. 12. A standard 
hardware giving better distribution with and without 
the shield is shown in Fig. 13. 

This method requires no special units. The antenna 
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Shield for Equalizing Voltage on 
Insulators 
(Laboratory hardware) 

evenly distributed a corona eliminating shield would 
be advisable at the higher voltages. _ 

Heretofore the main argument given for equahag 
voltage distribution has been to reduce the string 
i«,«rfh hv increasing the arc-over voltage for a given 


-Antenna 

















1920] 


F. W. PEEK , JR. 


1695 


number of units. It is much more important to reduce 
the operating stress on the line-end units. 

With certain types of units the wet arc-over voltage 
may be higher than the dry arc-over voltage for long 
strings. 3 This is because rain may assist in grading a 
badly unbalanced string. As a general rule, a string 
cannot be very greatly shortened in practise by grading 
because of the effects of rain, dirt, etc. on the perfectly 
graded string. There would be little gain in increasing 
the dry arc-over voltage if the wet arc-over voltage 
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Fig. 12— Voltage Distribution on a String of Twelve 
Insulators 

(See Pig. 11—Laboratory hardware.) 


were decreased. Rain would not increase the wet 
arc-over voltage of a graded string. The wet arc- 
over voltage would generally be lower if the string 
length were decreased. 

There is an additional reason why grading will 
generally not make possible an increase in the arc-over 
voltage or a decrease in the string length. For any 
unbalanced string there is more or less complete auto¬ 
matic grading as the arc-over voltage is approached. 
Near arc-over excessive corona forms on the line unit, 
to a less extent on the next unit, etc. These sheets of 
corona act as capacity plates and grade the string, thus 

3. Peek, “Electrical Characteristics of the Suspension Insu¬ 
lator—I.” A. I. E. E. Transactions 1912. Vol. XXXI, 
page907. 
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the arc-over voltage of a single unit. As a matter of 
fact, it is much higher, due to the automatic grading of 
corona. 



Fm . 14—Method of Making Distribution Measurements 


The wet and dry arc-over voltage of insulators 
decreases almost directly with barometric pressure. 
The insulator problem for the higher voltages is there¬ 
fore more difficult at higher altitudes. 
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It has been found that the wet lightning arc-over 
voltage is usually as high as the dry lightning arc-over¬ 
voltage 4 The lightning arc-over voltage is, to a great 
SST a question of string length If the stnng 
length is decreased due to grading the lightning arc- 
irz-iU-scrp will also be decreased. 


Tests 

It may be of interest to describe the method of 
making tests. A water resistance with 50 taps was 




F ig 15—The Effect of Proximity to Wales 
V oltage Distribution on String of Five Insulators. 


placed across the line in parallel with the insulators as 
shown in the illustration, Fig. 14. Each tap had a 
fixed and known potential above ground, i. e., a given 
percentage of the applied voltage. Connection was 
made between the particular unit, the potential of 
which was being investigated and various taps on the 
resistance until a tap was found of the same potential. 
In making this measurement a wire was fastened to a 
tap and the other end of the wire fastened to a steel 
point at the end of a fibre rod. When, the rod was 
brought up to the cap a spark would indicate a differ¬ 
ence of potential. The connection on the tap was then 
changed, or the operation was repeated until no spark 
occurred when the point touched the insulator cap. 

4. Peek, “The Effect of Transient Voltages on Dielectrics,'” 
A. I. E. E. Transactions, 1915, vol. XXXIV, page 1857. 
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It was found that the steel point, because of the color 
of the spark, indicated the smallest difference of 
potential. In making measurements it is necessary to 
prevent as far as possible any distortion of the field by 
the wire and point. A distortion is indicated by differ¬ 
ent potential readings when measurements are made at 
different points around the insulator. A stream of water 
was kept running through the tube in order to keep the 
temperature constant. Approximate potential read¬ 
ings can be obtained by placing a very small gap shunt- 


I 

V-Distribi 

\l 

ition 

30 * 
meas 

[ilovf 

ured 

>its 

with 

r 

Resi 

r 

stanc 

CD 




S—i 

--- 

-- 

-- 

__ 


i - i - 

1 - ] 

a j 


0 I-1-1-!- L L- ■ V- 1-1-1 

123456789 10 



| 150 Kilovolts | | | 

tribution measured with Sphere G< 
| on end of Stick | | | 

ip ~ 

> 


1 1 1 I 1 1 

liower Values Not Accurate 



12 3 4 5 6 7 ' 8 9 10 


FT 

1 1125 Kilovolts 1 



Distribution measured with Sphere Gap 
S *sJ> on end of Stick 1 1 


■"mra 

a 


12345678 9 10 


Fig. 16—The Effect of Applied Voltage on the Distribu¬ 
tion of a String of Ten 


ing a forked stick across the units. This method gives 
fairly accurate results on the two or three units near 
the line, but quite inaccurate results on the others. 

The effect of proximity to tower, etc., is given in 
Fig. 15. It will be seen that it is not great. The 
effect of corona on distribution is not great at the 
operating voltage. For instance there is very little 
difference in the voltage distribution between 30 and 
130 kv. .130 kv. is approximately the voltage to 
neutral of a 220-kv. system. Fig. 16 shows the dis¬ 
tribution at 30, 50 and 125 kv. The 50 and 125-kv. 
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Fig. 19—Antenna Shield 
(See Fig. 20.) 



Fig. 20—Voltage Distribution on String of Twelve 

Insulators 
(See Fig. 19.) 
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curves were made with a spark gap and are accurate for 
the three units near the line only. Fig. 17 shows the 
shield used on a double string. The distribution is 
very good as shown in Fig. 18. 



Fig. 22—Two and Three Units in Parallel at Line End 
op String op 12 Units as a Means op Improving Voltage 
Distribution on the String 

Figs. 19 and 20 show the shield and distribution on 
other types of units. A corona shield is also desirable 
on this type at 220 kv. The effect on voltage distribu¬ 
tion of placing a shielded string in a horizontal position 
was investigated and found to be negligible. See Fig. 
21 , 
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The method of grading shown in Fig. 22 was not 
found to be very satisfactory. 

Fig. 23 shows a form of shield that gave fairly good 

results. 

Distribution tests were made to see if there would be 
any disturbing effect due to the proximity of other 
insulator strings as in operation on a three-phase line. 
There was found to be no appreciable efleet. 

It is not possible to show all of the various shields 
tried, but it is believed that the above fairly well eoveis 
the field. 

Summary 

From the above discussion if may be concluded that: 

Insulator troubles have been due mainly to cracking 
caused by expansion of metal parts, cement, etc. and 
to porosity. 

Certain designs with loose-fitting parts have been 
free from deterioration. Other designs should be so 
modified as to relieve them as far as possible from 
expansion troubles. 

Tough non-porous porcelain is desirable. 

The old method of basing everything on electrical 
tests should be abandoned. Severe electrical tests are 
often harmful. The electrical st rength is often second¬ 
ary to other characteristics. An electrical, mechanical 
and porosity uniformity test should be established, in 
which a small percentage of the product is tested to 
destruction from day to day to ascertain if if is running 
brittle or porous or is weakened by firing st rains. 

For the very high voltages that are at present, being 
considered, greater reliability may in many respects be 
anticipated than for the lower voltage lines. The 
lightning are-over voltage and dielectric strength will 
be relatively higher and induced lightning voltages, 
sufficient to cause arc-over, will he less than on low- 
voltage lines. Increasing t he number of units in series 
decreases the probability of complete string failure. 

Uneven distribution of voltage on the st ring becomes 
more serious at the higher volt ages because of the high 
stress on the unit near the line. For strings of more 
than four or five units the stress is practically a con¬ 
stant percentage of t he operating volt age independent 
of the string length. 
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Uneven distribution can be corrected by shielding, 
shielding prevents excessive corona on the line end 
units and tends to direct the power arc away from the 
string. The maximum unit stress on a 220-kv. shield 



Fig. 23 —Antenna Shield foe Equalizing Voltage on 
Insulators 

string can be made less than on a 100-kv. non-shielded 
string. 

Briefly, outages due to insulator troubles will prob¬ 
ably be less frequent at the higher voltages than at 
present. 

The author acknowledges the assistance of Mr. W. 
L. Lloyd, Jr. in making this investigation. 
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Discussion on ' “Factors Controlling tun De¬ 
sign and Selection of Suspension Insulators" 
(Peaslee), “Unit Voltage Duties in Long 
Suspension Insulator Strings” (Ryan and 
Henline) and “Electrical Characteristics 
of the Suspension Insulator at the Higher 
Voltages” (Peek), White Sulphur Springs, 
W. Va., July 21,1920. 

J. B. Fisken: I am going to make the statement 
that this idea of shielding a string of insulators by 
means of an antenna shield is not new but has been in 
operation for many years, and then 1 am going to ex¬ 
plain that statement. 

Some eleven or twelve years ago I desiged a power 
line for GO kv., the conductors on which were to he* of 
aluminum without steel core. Now most, of us. know 
what, the effect; of an arc on an aluminum wire is. . ft, 
is disastrous; and 1 was afraid of it. So in designing 
this line I thought, of some way of taking (‘are of that 
arc, and as there was little experience to guide me at 
that time, 1 designed an arcing rod, which was placed 
just above the wire in the same plane with it and ex¬ 
tended it out five feet on either side of the insulator. 
It is the most abominable thing to look at. you ever saw. 
That line was put in operat ion ten years ago, and not¬ 
withstanding the troubles that, have been had generally 
with suspension insulators there has not been one 
single failure of a suspension unit on that, line from 
a natural breakdown. The insulators have been 
damaged by lightning and have been damaged by the 
small boy with the rifle, hut there has not been one 
single failure. 1 may be all wrong, and 1 want, Profes¬ 
sor Ryan and Mr. Peaslee to discuss it, if they will, 
and tell me whether I am right, in claiming to he un¬ 
wittingly the inventor of the antenna shield. 

M. T. Crawford; The development of a suspension 
insulator that will he reliable and efficient is not only 
pertinent to the successful operat ion of present 100-kv. 
and future 200-kv. lines, hut, is of importance in connec¬ 
tion with lower volt age lines. The cost of good pin type 
insulators has more.!,ban quadrupled, and we now find 
that the cost per mile of 55-kv. lines having heavy con¬ 
ductors is less with the suspension insulator form of con¬ 
struction than with pin type insulators. This is due 
to the limited mechanical, strength of the pin insulator 
screwed on a threaded iron pin, necessitating fairly 
'•short spans. Pin insulators cemented on iron pins have 
additional mechanical strength but deterioration is 
marked due to thermal expansions and electrolytic 


























1920 ] 


DISCUSSION 


1707 


corrosion of the iron pins. With the added mechanical 
strength of the suspension insulator, span lengths may 
be safely increased from 50 to 100 per cent and con¬ 
siderable saving per mile effected by the reduction in 
number of line supports and insulators. 

A considerable number of the Hewlett bomb-and- 
link type three-unit strings have been in continuous 
service for ten years on the 55-kv. non-grounded neutral 
system of the Puget Sound Power and Light Company, 
installed at strain points where the screwed on pin 
insulator did not possess adequate mechanical strength. 
A few years ago a number of four-unit, cap-and-pin 
type strings were installed, and recently a number 
of core-and-tine type three-unit strings have been in¬ 
stalled, both for strain purposes and suspension con¬ 
struction. 

In the ten years operation of the bomb-and-link 
type units there has been no sign whatever of deteriora¬ 
tion and the only weak point in evidence has been the 
loss from straight puncture of a few strings now and 
then where the line was subjected to a direct lightning 
stroke in the immediate vicinity. It is believed that 
the very small point of contact between the link hard¬ 
ware and the surface of the porcelain is a weak point 
in this design, although not a serious one, as it results 
in a concentration of potential that renders it liable to 
puncture under abnormal electrical conditions. The 
cap-and-pin type units were subject to such rapid 
deterioration that their use was discontinued. _ The 
core-and-tine type units have only been in service a 
year, and their satisfactory operation over this period 
is of course not conclusive. 

It seems that the principal questions about the core- 
and-tine type are in regard to the practical possibility 
of making such thick pieces of porcelain non-porous 
and homogeneous, and the possibility of the higher 
voltage rating of the individual units tending to in¬ 
crease unduly the maximum to average duty-ratio, 
resulting in low flash over values from cascading. 

It is of some interest in connection with the possi¬ 
bility of making satisfactory thick porcelain, to call 
attention to an installation of over 10,000 pin insulators 
made in 1898. They were approximately 6 in. in 
diameter of solid porcelain exceeding 2 in. in thickness 
in places. After ten years operation on 30-kv. lines 
some of them were placed on 13-kv. lines and as far 
as is_ known all have operated continuously without 
any indication of deterioration or porosity. Another 
batch of about 5,000 exactly similar units made several 
years later deteriorated so rapidly that it was neces¬ 
sary to replace them within a few years. This in- 
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dicaies that fairly thick porcelain was made non- 
porous and homogeneous as far hack as InUN and it 
should be possible' now. 

In Professor Ryan’s paper reference is made to (he 
undue increase in maximum to average duty-ratio 
and consequent, cascading by the increase in rating 
of individual unit s. His invest igat ions seem to show 
that the most, efficient string is about 7 units on 100- 
kv. duty, additional units being of little value. I would 
like to ask why then would not a similar 5 to 7-unit 
string he efficient on 200-kv. duty if the size and rating 
of (.lie units were correspondingly increased, and why 
should t he tendency to cascading be any greater, as¬ 
suming (hat proper slat ir shields were employed in each 
case? Other things being equal, a reasonably short 
string is a decided advantage, in that it. reduces the 
extra vertical spacing needed between wires to avoid 
their coming too close together when snow drops 
off of diffcronf. wires in long spans. 

E. R. Stauffacher: The Southern California 
Edison Company is very serious in its intention of 
converting its 150-kv. Big Creek line to 220 kv. within 
the next, two or t hree years. 

For, with the further development of our construct- 
lion program in the vicinity of our present Big Creek 
plants, it. will he necessary either to go to 220 kv. on 
our present transmission line, or to build new lines 
between the plants and Los Angeles. 

Accordingly we are planning to make some investi¬ 
gations in the field. We have available a bank of trans¬ 
formers of 150,000 volts on the high side, which if con¬ 
nected star, will give us the potentials we would like 
to have for our test. The question of the ability 
of the t ransformer terminal bushings and the terminals 
of the windings to withstand potentials in the neigh¬ 
borhood of 250 kv. when grounded has been taken up 
with the manufacturers and we are now waiting 
their reply. We expect to utilize a number of miles 
of one of the Big Creek lines and make all kinds of 
field tests on the insulators that any one may be able 
to suggest to us. 

We have made some preliminary studies in regard 
to the length of the insulator strings and the size of the 
shields which it will be possible to use on the present 
Big Creek Line towers when these lines are converted 
to 220 kv. operation. 

The following notes tire the results of these prelimi¬ 
nary studies made by Mr. Miehener on Mr. Barre’s 
staff: 

The string lengths, used are all based on our present, 
units which are 5.75 in. long, and our present hardware 
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which makes a 9-unit suspension string 63 9 /ie in- long 
from the center of the pin in the tower brackets to the 
center of the conductor. The minimum allowable 
clearance from tower is assumed as 4. ft. The dis¬ 
tance between the conductors is approximately 17 ft. 

1. Dead Ends 

Any length of double strings with any size of shield 
may be used. 

2. Suspension 

a. On Outside Wires: 

1. Any length of single string can be used where 
clearance from ground in center of span will permit, 
provided that the tie-down insulators or _ sufficient 
holding down weight is used to maintain proper 
clearance from tower in times of high winds. 

Ten units with a 12 in. shield will reach the minimum 
clearance of 4 ft. from tower when insulators swing 
at 45 deg. from vertical. _ 

A similar string with 15 units will reach the mini¬ 
mum clearance when swinging at an angle of 30 deg. 
from the vertical. 

2. Any length of double strings arranged in an 
inverted V can be used where the clearance of the center 
of the span cannot be reduced below that which now 
obtains. As the string length is increased the angle 
of the V will increase to maintain the conductor at the 
same height. 

With this arrangement the 10 and 11-unit strings can 
be equipped with 12 in. shields and still not reduce the 
minimum clearance below 4 ft. when, due to wind, the 
insulators hang at 45 deg. out of the vertical plane. 

For strings of 12 or more units the shield can be in¬ 
creased to almost any desired dimensions without re¬ 
ducing the minimum clearance below 4 ft. when, due 
to wind, the insulators hang 45 deg. out of the ver¬ 
tical. 

3. Two strings of units arranged in a V in a plane 
perpendicular to the length of the line, with the 
spread at the top and with the apex at the conductor. 
With 11 units in each string the conductor will be at 
the same height as at present, the angle at the apex 
will be about 70 deg. and a shield approximately 18-in. 
in diameter can be used since the insulators will not 
swing in the wind. 

The length of these strings can be increased with a 
corresponding decrease in the angle at the apex. 
When the strings are 16 units in length, the angle at 
the apex will be approximately 50 deg. and a 12-in. 
shield can be used. 
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This arrangement will decrease the distance be¬ 
tween conductors by 3.5 to 4 ft. 

It may be necessary to put an extension on the end 
of the cross arm in order to make the angle at the 
apex great enough to hold the conductor from swinging 
under high winds, 
b. On Middle Wire. 

1. Any length of single string up to and including 
20 units can be used, provided the conductor is rigidly 
tied down. In this a 24 in. shield can he used. With 
a 20-unit string the conductor will lie lowered about 
2.5 ft. and the point of support for the insulator string 
will be raised about, 3 ft. from the positions nmv oc¬ 
cupied. 

2. The conductor can he maintained at the same 
height, and the string length increased to 15 units 
(possibly a few more) by raising t he point of support 
of the insulator string. In the case of the 15-unit 
string the top four units of the string will he bet ween the 
steel members of the tup of the tower with slightly 
more than one foot clearance between each edge of 
these units and the steel in a direction parallel to the 
length of the line. With the 15-unit string and a 12- 
in. shield, the insulator siring can swing 20 to 30 deg. 
out of the vertical without, reducing the clearance to 
less than the allowable minimum of 4 ft. This means 
that tie-down insulators or a holding down weight 
are required, 

3. The conductor can be. held at the same height 
and rigidly so it cannot, swing by using two strings 
of insulators arranged in a V with the spread at the 
top and the apex at the conductor. The strings can 
be of 15 or 10 units in length without, lowering the 
conductor and 22 or inure units in length by lowering 
the conductor. With this arrangement shields of 
almost any size can he used. 

From the above it seems certain that we shall be 
able to get. by with 220 kv. without making any great, 
changes in the towers. At present the V arrangement, 
with the apex at the conductor for all three con¬ 
ductors seems most, favorable to me. 

If it would be possible for Professor Ryan to make 
some investigations of the voltage distribution when 
insulators are arranged in V or an inverted V it cer¬ 
tainly would be of interest, to us at this time. 

L. C. Williams: I think it, would be interesting 
to the members of the institute who are not familiar 
with the Big Creek line to have Mr. Ktauffaeher give 
some idea of the type of construction. Will you give 
us an idea of the construction of that line? 



























1920 ] 


DISCUSSION 


1711 


E. R. Stauffacher: The Big Creek line consists 
of two duplicate transmission lines, approximately 
240 miles long, running between our Big Creek plants 
No. 1 and No. 2 to the substation at Eagle Rock. 
The conductor size is 683,000 cir. mils of aluminum, 
with a steel core. There are three conductors per 
line approximately 17 ft. apart. They are arranged 
on a horizontal plane. There are nine units on our 
suspension towers and two strings of eleven units at 
each end of our dead end towers. As far as possible, 
we tried to design the line so it would keep out of the 
valleys and away from any chance of floods. We have 
had some disastrous experiences with what few floods 
that we have had in Los Angeles. The longest span 
I believe is approximately 3000 ft., near Sunland. 

G. E. Quinan: It has been suggested in Mr. 
Peek’s paper that the increase of porosity in porce¬ 
lain _ is due to freezing. It has also been suggested, 
not in these papers but in the technical press, that the 
Piezo-electric effect may have something to do with 
the deterioration of the porcelain. The rapid, al¬ 
ternating electrical stress, tending to deform the micro¬ 
crystals, may very possibly be responsible for some of 
the deterioration that has been heretofore laid to ex¬ 
pansion as the result of temperature. There is a great 
deal undoubtedly yet to be done in understanding 
just what is going on inside of porcelain under the 
effect of the electrical stress. We have also, all of 
us, I guess, had a good deal of experience with the 
effect of cement and the tendency to expand when used 
in pin type insulators, causing hair cracks in the 
insulator and ultimate puncture. 

Now if the electrical men will study ceramics, or 
the ceramist will study electrical phenomena, we may 
hope to get enough of a working knowledge of the 
characteristics of porcelain to get a very satisfactory 
insulator. 

W. A. Hillebrand: The fundamental character¬ 
istic of porcelain, the governing characteristic, is that 
the. work must be formed before it is fired. In com¬ 
parison with other ceramic products, for instance with 
glass, the whole is melted, fused to a fluid mass and 
then formed. With porcelain all work must keep its 
shape in the kiln. Now that means at once that you 
must have a body composition or it must be composed 
of materials with different melting points, some of 
which will not melt with the maximum firing tempera¬ 
ture, so that your pieces will not, be deformed by the 
time you get them out. As a result of experience we 
have porcelain composed of three constituents; Quartz, 
feldspar, clay. The quartz will melt around 1710 deg. 
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cent. The clay is decomposed during the firing, the 
water of crystallization driven oil’, and some of the 
quartz dissolved, leaving for the most, par! refractory 
sillimanite. The feldspar is the substance which 
melts, runs throughout the whole as a binder, as the 
vitrifying agent, forming a glass, holding the rest 
together very much after the manner of concrete, 
wherein the cement acts as a binder and the rock and 
sand as the aggregate. So it is that your molten 
feldspar after if is cooled is the binder and the other 
solid particles of quartz and metamorphosed clay, 
then probably sillimanite, are the aggregate and com¬ 
plete vitrification means that, the interstices between 
all the aggregate, just, as in a dense concrete, must lie 
completely filled or very nearly completely filled by the 
feldspar glass. 

Now the curve which Mr. IVaslee shows of tempera¬ 
ture and porosity indicates that below, say about 
1300 deg. cent, your ware is porous with generally 
intercommunicating pores, because you have not 
carried your temperature high enough and held it 
long enough for the molten feldspar to run throughout 
the entire mass and completely seal it, together. You 
can carry your temperature a little hit higher and 
gas begins to he given off, the principal gas dissolved 
in the quartz being probably nitrogen, and under those 
conditions your ware comes out bloated or blistered with 
actual faults running through it. .So that you have a 
comparatively narrow temperature range' in which 
you will get satisfactory vitrification of the piece. 

Now there is one point, that lias not been dwelt 
upon. That is, that; your satisfactory vitrification 
depends not, alone upon a proper firing temporalure 
for the body composition taken as a whole, but also 
you must have and must, maintain throughout the 
entire process of handling the clay uniformity through¬ 
out the piece. Bear in mind you have I he‘three con¬ 
stituents: The quartz, feldspar and day, of different 
weight, different specific gravity. They are ground 
together in a mill, about, the size of flour: that, is, a 
fine, powdery mass, thoroughly stirred together in 
the various forms of the mill, with water taken out as 
a fluid slip. That is run into a bag press, taken out 
and left in the clay cellar to soak. 

Now it is extremely important; during all this mixing 
that; the whole mass be kept continually agitated, that 
is, as it. goes through the bag press that you do not have 
segregations, a dropping out at some point, and al¬ 
lowing it to settle and getting to a different, grade of 
composition. Bo that it is not. alone necessary to have 
accurate kiln control but it is most necessary to have 
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most accurate control first of all in the selection and 
the production of your raw materials, and then in the 
handling of them in every step down to the kiln. 

Then the curve which Mr. Peaslee shows is ab¬ 
solutely controlling in the ceramic process. 

Furthermore, there is an additional factor which he 
did not mention. That is, up to the point of about 
800 deg. cent., during which time the water crystal¬ 
lization in the clay is given off, and there is approxi¬ 
mately 10 per cent, linear shrinkage in the ware, the 
temperature must be very uniform. 

There are two vital points in the firing process: 
The first, that during which the water of crystalliza¬ 
tion is driven off at about 800 deg. cent, and the second 
the approach to the maximum firing temperature. 

Referring to porosity, which is vital, I will say that 
with the leading procelain manufacturers porosity 
ceased to be a matter of importance to the engineer 
five years ago. I think not for five years has any 
appreciable amount of porous ware been put out; and 
while all the stress which has been laid upon the matter 
of porosity is probably correct, weight should never¬ 
theless be given to methods which have been tried 
and proven by experience for governing this matter, 
and I will say that there is probably no one thing 
which is watched and must be watched more care¬ 
fully in an insulator plant than this matter of porosity. 

Coming now to the other matter discussed in the 
three papers under question, there are two things in 
the use of long insulator strings today which weigh 
very heavily upon the mind of the operating engineer. 
One is the initial corona point or the point at which 
corona will form around the unit next to the conductor. 
The other is the potential carried by that unit with the 
possibility of cascade action. Now personally I 
think that danger from cascade action with a close 
coupled cap and pin type union has been very much 
exaggerated. Many of you I know will disagree with 
me very strongly, but on the other hand I think there 
is comparatively little evidence to show that the dan¬ 
ger from cascade action in a long' string is a real one. 
It may be under certain atmospheric conditions. We 
know that there are unexplainable things taking 
place on lines in certain sections of the country, but 
until that is definitely laid to a failure by cascade 
action with the surface of the insulator wetted down, 
say by dew or fog and not by rain, I personally hold to 
the opinion as stated. 

Now for example Professor Ryan makes a statement 
on page 6671 to the effect that, “The curves reveal 
further that an increase in string length from ten to 
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twenty units will cause a corresponding increase in 
steep wave front flash-over voltage." Now 1 under¬ 
stand that he modified that to .apply to dtl-eycle volt¬ 
age. 

Now 1 don’t know whether that statement is based 
upon tests or not, hut figures that 1 have for cap and 
pin type units, in, for example, a 10-unit string, with 
dry flash-over of .1X0,000 anti a Id-unit string, do per 
cent increase, the dry flash-over is <570,000; that is a 
42 per cent increase. And the point is that as Mr. 
Peek has brought out, particularly the corona forming 
in the bottom unit, the unit next above it, will auto¬ 
matically grade the string so that your flash-over 
finally occurs af a very much relatively higher value. 
Furthermore, particularly in certain sections of the 
country, you have lines subjected to lightning. 1 
know one case where the lightning hit in the middle 
of the span did not flash over the insulators on either 
side, although it burned down the conductor. You 
may have potentials up to four or five hundred thou¬ 
sand volts and unquestionably on that basis, those 
units should have gone over and yet they did not. 
Now for example a moderately dispersed* Held is 1 
think desirable, intending to throw the arc out away 
from the insulator; that is, in its initial stage of forma¬ 
tion. Mr. Peek says that, a shield will in itself throw 
the arc away from the 1 insulator. Fader certain con¬ 
ditions that, is possibly true. On the oilier hand, I 
think if is equally possible tbaf due to the change in 
the form of the field, the fad that under certain con¬ 
ditions you will get the greatest stress concentration 
on the second unit, pnssiifly above that, that you may 
actually have the are thrown into the string. 

Now l am not arguing eit her for or against a shielded 
string. The point that 1 do want to make is that so 
far as 1 am personally concerned, as a result of my 
own experience, l am not yet convinced that even for 
220 kv. a shield is necessary. 

On page 1(571 a curve is given showing the watts 
lost at sixty cycles on an insulator. Thai curve would 
he rather disturbing hut for the fact that 1 think that 
loss is primarily in the air about the unit, and with a 
very much belter chance for heal dissipation. If that 
loss were taking place in the unit itself, it would lie a 
matter that I would consider very serious, but under 
the circumstances today , under normal corn!it ions 
where the heat generated ran he removed, I think that 
is applied at the surface and can readily he taken away 
by air currents and that is something that 1 would 
like to hear a little bit further about from Professor 
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Now as to the various types of unit that are under 
discussion. For example, we will take the three: 
The cap and pin type, the Jeffery-Dewitt and the Hew¬ 
lett. I am going to rate these. That is, these are 
taken with just single units alone, the characteristics 
of the unit. I rate the cap and pin type at one hun¬ 
dred for corona flash-over, wet and dry. For initial 
corona, and that is the point just about where the 
corona voltage begins to be seen in the dark, the cap 
and pin type at one hundred; the Jeffery-Dewitt a 
little over two hundred; the Hewlett sixty-two; 
flash-over cap and pin type one hundred, Jeffery-De¬ 
witt one hundred sixteen, Hewlett one hundred three. 
Wet, cap and pin type one hundred; J. D. one hundred 
eighty-nine, eighty-nine per cent increase in wet, the 
Hewlett one hundred fourteen. Dry, one hundred, 
one hundred ten and one hundred. 

As to puncture value, the Jeffery-Dewitt is probably 
at least two and maybe three times that of either of 
the others. Now at 220 kv., with a 12-unit string of 
cap and pin type units, according to Professor Ryan’s 
curves the unit next to the conductor would carry 
24,400 volts. At about 21,500 sea level and on a day 
when the air is comparatively bad as a conductor, the 
first visible corona will begin to show. The stress on 
this unit will be 24,400. There are ten-unit strings, 
cap and pin type units, operating very satisfactorily 
at 165,000 volts on the line of the Aluminum Company 
in Tennessee, at elevations running from 1500 to 
2500 ft. That line has been in operation for nearly 
a year and a half now and no trouble whatsoever 
reported. They have not, as far as I know, had a 
single flash-over. 

Now 24,400 I personally do not consider a voltage 
at or near sea level as too high to put upon a single 
unit, and, as stated, I think there is little likelihood 
under ordinary conditions of such a string failing 
by cascading. 

In the matter of insulator design, if you will refer 
to Mr. Peaslee’s paper on page 1653. Now the initial 
corona with this unit appears, as is to be expected, 
m the air immediately around the pin. It spreads 
out until it meets the petticoat, is deflected and stopped. 
That is an expedient that is many years old, was called 
attention to at least twenty years ago. It was one of 
the most valuable ones in insulator designs of afford¬ 
ing a deflecting barrier for your corona streamer, in 
order to prevent it running out. Now with the use 
of flanges, of about the proportion shown, adding some¬ 
thing.like 17 per cent dead weight over a smooth disk, 
you increase your dry flash-over on that account 
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as over a smooth disk approximately 50 per cent; you 
increase your leakage distance about, 40 per cent. 
Furthermore, with light thin barriers, an are is held 
down away from the body of the porcelain itself, and 
I have seen such a unit with the Manges completely 
stripped off, stripped perfectly clean as t hough knocked 
off with a hammer and the body of the Mange itself 
absolutely uninjured and sound. 

Now with a unit of this description 1 will ask you to 
note that it is extremely important to have a high corona 
point, for the reason that the moment you get st reamers 
started to a point like this I,hey begin to run toget her. 
If you have them running together the distance is 
shortening and there is the tendency immediately 
to run out and grow after t he familiar manner of such 
streamers under a 60-cycle current. Now with this 
spider leg as an equi-potenf iai surface, you will note 
that there can be no potential diiferenee bet ween these 
two points. That means an extremely low potential 
in here, and the lines of field are well thrown out in 
that direction (indicating with reference to illustra¬ 
tion). The maximum concentration is well down 
in the porcelain, away from the air and has the 
weaker dielectric. The result of that is you have 
a high corona value, but on the other hand when you 
do break down it. floods just like that, the whole un<ier 
surface of the insulator, and this section in here will 
be completely dark. The characteristic is entirely dif- 
derent from this unit, for instance (indicating). The 
whole portion under here is apparently quite uni¬ 
formly stressed. It, all goes down at once, and with 
the result, that, you have a flash-over value for tins 
unit, with approximately ninety per cent, increase in 
weight, with about sixteen per cent or eighteen per 
cent in volts. Now furthermore, by reference to the 
curves that, are presented you will find that for say 
a ten unit string, with about nineteen to twenty per 
cent of the line potential carried by the first unit, 
with units of the J, I), and of the Hewlett, type you 
have approximately thirty per cent; that is about 
fifty per cent more voltage carried by the lint* unit, 
than the other; and it. would be correspondingly 
desirable to have a high corona point. That is se¬ 
cured in the J. D, unit by the design of I,lie insulator 
itself. It is absolutely necessary if you are going 
to use a Hewlett insulator, with corona coming at 
about fourteen thousand volts, if you are going to use 
that at high voltage, to use some sort, of shield as pro¬ 
posed by Mr. Peek or Professor Ryan. 

With regard to the matter of depreciation, Mr. 
Peaslee mentions current rates as high as twenty per 
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cent. For units manufactured within the past five 
years the records show that over a four year period the 
rate is about one thousandth part of a maximum; that 
is about a fiftieth of one per cent a year. That rate 
will not continue. Just what it will do we don't 
know. 

The statement is made that porcelain, cement and 
metal are held together in an unyielding assembly. 
That also needs modification, because it is character¬ 
istic of cap and pin type units today that they are set 
together with a yielding medium between them at all 
points, and that has made a difference in comparison 
with units built five or six years ago, of at least three 
hundred to one in the rate of failure. 

As to the importance of three hundred thousand 
volt or better puncture value, that is a matter largely 
for opinion. Punctures of suspension units today, that 
is_ of sound units, are extremely rare, even under light¬ 
ning potentials. Providing you have a string that is 
free from arcing, that is, that will not fail by cascading, 
wherein you pile up a full line voltage upon a single 
unit, experience shows you do not get punctures, 
and, as in everything else, it is a compromise. If you 
insist upon a high puncture value per unit, then you 
have got to go to a certain design which has inherent 
weaknesses that will be brought out later. 

Now on the matter of impulse ratio, while I will not 
pretend to argue either-one way or the other, I think 
that^ is a matter that should be clearly understood, 
particularly by anyone buying or using insulators. 

Now my understanding of impulse ratio is this: 
For example, if you take a spark gap, a needle gap, you 
have an extremely high dielectric flux concentration 
at the needle points. On sixty cycles you will have a 
brush or corona around the points that will grow and 
your voltage^ is raised, gradually narrowing the gap, 
and finally it will spill over. That is, you have a 
dispersed. field. As you get away from it the field 
very rapidly drops off in intensity. Now under a 
steep wave front impulse coming on such a gap, you 
ionize the air in the immediate vicinity of the needle 
points. Your streamer runs out; it is an extension 
of the electrode that comes now at a point; you have 
an ionizing potential at the end of the electrode which 
is enabled to ionize some more, and so it grows just 
as it would on the sixty cycle, and on the sixty cycle 
there is time enough for this action to take place, for 
it to grow across. With a high-frequency impulse 
mere may not be time enough for that to take place. 
The result is you have very much higher peak voltage 
required to spill over your needle gap than you do for 



1718 


l s!'srt>’xsmx ixsri, i runs 


Muf.v '_‘l 


an equal distance where the field is Uniterm; as,^ for 
instance, in a gap between large. split‘res. Thai 
leads to this general conclusion, which .1 think will 
hold: That is, that the poorer the stress of distribution 
the higher impulse ratio. That is, 1 think in general 
you will gain a high impulse ratio at the expense of 
poorer stress of distribution. 1 myseil have made 
one or two experiments which tend to bear that out ; 
and that I think is also shown by the curves which 
Mr. Peasleo shows, where he shtnvs a higher impulse 
ratio for the Jeffery-Dewit t. oyer the cap and pin type 
unit. He also shows about a fifty per cent higher st ress 
distribution on the unit next to the conductor. 

One other feature with regard to the Joffery-I)e- 
witt unit which should be taken into account by any¬ 
one who is considering the complete insulator situa¬ 
tion, as the titles of these papers, would load us to 
infer; that is that the porcelain is used in tension. 
There is no objection to that whatsoever so long as 
your porcelain is sound. The only objection comes 
due to the liability of porcelain cracking with time in 
accordance with its inherent characteristic. 

Now as Mr. (‘rawford has shown, and as every in¬ 
sulator man who is familiar with insulators to any con¬ 
siderable extent knows, your porcelains manufactured at 
different times have been extremely varied. Thai is 
true of porcelain put out, by a single manufacturer. 
Even with the most careful process and control you 
will have certain variations wit hin the product of any 
one manufacturer running along from year to year. 
Now with an insulator of this type, if the porcelain 
does crack your line probably comes down. With an 
insulator of the cap anti pin type, when* you have an 
overlap, or with the Hewlett type where you have an 
interlink, a crack in the porcelain docs not, mean a 
line failure, and experience has shown that, in that re¬ 
spect, that is for the same number of units tinder equal 
conditions of service, under conditions such ax obtained 
in lines of say one hundred thousand volts, one hundred 
miles or more in length, that the liability of failure 
from that cause must, be in the ratio of about two 
thousand to one in favor of the Jeffery-Dewitt, over t he 
cap ami pin type for the same number of service in¬ 
terruptions. 

Now as to the possibility of failure, Mr. Peek has 
made the statement that after ten years or more of 
service, insulators of the Hewlett type show no de¬ 
preciation from cracking, Mr. Crawford from his 
experience, has supported that very definitely. < >n the 
other hand, I know of one line in which the Hewlett 
insulators were installed about ten years ago, wherein 
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they are cracking today at the rate of about one per 
cent a year. That is, the porcelain is. falling off from 
the central bomb. Now that again is very likely, or 
quite possibly due to the different characteristics of 
the ware as put out in the two lots of insulators, but 
until the thing has been demonstrated over a sufficiently 
long period of years to settle absolutely, there is al¬ 
ways that question of uncertainty. A very large 
number of tests may be made upon a single piece, that 
show externally no depreciation whatever; on the 
hundred and twenty-fifth it may go to pieces like that 
(speaker snapping his finger); go like a pistol shot, 
without any signs of failure whatsoever; and that is a 
matter of' experience and a matter also of laboratorial 
experiment. And so while the tests given by Mr. 
Peaslee with regard to the temperature cycles on page 
1662 are interesting and are all very valuable, I per¬ 
sonally could not consider them conclusive until suf¬ 
ficient time has elapsed, as he himself has said, to 
settle this question. 

And as to the insulator situation, as to what type 
should be used, that, no man at present is in a position 
to say. We are extremely fortunate in having had 
practically all the data with regard to voltage dis¬ 
tribution obtained for us after very long, laborious and 
painstaking effort, because it settles a vexatious 
question, settles once for all just what the values are, 
what to expect, and enables us to talk in concrete 
terms- and to go ahead upon some definite, rational 
basis, instead of one of conjecture; and there are 
enough units of the various types now in service so that 
within a reasonable time, much less than the span of 
life that most of us look forward to, why we will have 
very definite information. 

_ J. B. Fisken: There is one question that I would 
like to see eliminated if it is possible to eliminate it. 
It is the question of the depreciation of porcelain. 

I don’t know how many years experience are neces¬ 
sary to convince us that porcelain can be made that 
does not depreciate. Personally I believe it can and 
has been done.. My experience is gained from a line 
that has been in operation now for seventeen years. 
The insulators on that line are standing up. It was 
operated for about six months or a year at forty-five 
kilovolts, and since then is being operated at sixty 
kilovolts. Of course these insulators are such that 
none of us would accept them today, because they are 
narled and blistered and uneven and they would not 
pass a physical, inspection, but they are functioning. 
That is the main thing. Some of those insulators a 
few years ago were sent east to be tested, they were 
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put through the regular tests and -stood up as high as 
when they were originally tested tuck about I 
think they were purchased in 1901. Mow it is a ques¬ 
tion of the length of time that must elapse he ore it. is 
possible to say that there is no such t hing as deprecia¬ 
tion of porcelain, and I would like to heat the nut hois 
of the three papers, or at least the two that are present 
discuss that a little in their reply. I erst malty 1 am 
satisfied in my own mind that such a thing as depreci¬ 
ation or deterioration of porcelain does not exist , and 
that that can he eliminated from the discussion en- 


K. A. Hawley: I am going to talk both as a user 
of insulators and then as a manulaet urer s represen¬ 
tative. In 191:5, I bellied to buy the insulators fur the 
Norfolk and Western, and for the Pennsylvania elec¬ 
trifications. At. that time, we had trouble to get the 
manufacturers to offer a satisfactory puncture value 
for the insulators; that is, puneltired under ml. I hi* 
specification written then called tor an instantaneous 
test of 120 lev. Late in 191-1, we purchased a t bird lot, 
and at that time we had to change our specification 
to read only 1.15 kv. of puncture value. _ Mow at the 
Locke Insulator Factory, we are using in our stand¬ 
ard specification, a test for puncture starling at ten 
per cent below flash-over, 70,009 volts. We apply 
the voltage for thirty seconds; then we raise the volt¬ 
age ten thousand volts and continue that at thirty 
seconds, and so on by steps of ten t housand volts every 
thirty seconds until if punctures. We are now regu¬ 
larly reaching 100 kv., and a fair proportion of the 
porcelain goes to 170 kv. Now as against the old 
specification made in 191:1, this test can he considered 
equivalent to over 100 kv. volts instantaneous ap¬ 
plication, very nearly a one hundred per cent increase 
in porcelain puncture value. 

As to porosity, we have subjected samples that our 
inspectors have picked out as being along tin* lower 
limits of commercially practical porcelain to 1:1,000 
lb. per sq. in. pressure in fuehsine dye and alcohol 
without any penetration that- we can observe under 
the microscope. This indicates the improvement 
that has been made in porcelain within our fact ory 
in the past five years. 

We all know of lots of porcelain, such as Mr. Fisken 
just told us about, that have stood almost, with one 
hundred per cent record over a great number of years. 
It would be a very sorry comment on the modern 
scientists if they could not Sind what that old porce¬ 
lain is. We feci very confident that we know what it 
is and can regularly commercially supply that poree- 
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lain. In the assembly of a cap and pin type insulator, 
expansion troubles and so on, we believe are thoroughly 
eared for by the proper expansion joints. So that we 
have no fear in the future of a modern cap and pin 
type insulator. 

L. C. Williams: There is one point in the manu¬ 
facture of porcelain, which is purely a ceramic process, 
and which I believe to be of a great deal of value, and 
which the operating engineers particularly may not 
appreciate and that is the point of drying the clay 
before it is fired; and that point in itself will set up 
stresses in the porcelain which are only aggravated by 
the firing. In watching the firing of porcelain the 
greatest care is taken to watch the uniformity of fire, 
not only from its start but at the point of soaking, which 
is of vital importance, and, as I said, increases or ag¬ 
gravates any stresses which may be set up in the clay 
in the drying rooms. That is purely a ceramic con¬ 
sideration, and I think that possibly Mr. Fisken’s 
remarks as to the operation of the insulators which he 
had in service can be accounted for very much on the 
same theory as he accounts for his arcing horns. 
Manufacturers ten and fifteen years ago made porce¬ 
lain which has undoubtedly shown remarkable opera¬ 
ting success. On the contrary, from operating ex¬ 
perience, I have known manufacturers ten years ago 
which made porcelain which would fly into a million 
pieces if you gave them a hard look. The obvious 
conclusion to come to in our present day practise is 
that we have to find out and standardize those practises 
which made good porcelain and eliminate those causes 
which made bad porcelain. In other words, the 
performance of insulators ten years ago is no criterion 
of the performance of the present insulator which we 
are going to get today, regardless of whether it is a 
bomb-and-link type, a cap-and-pin type, or the core- 
and-tine-typ_e. It is perhaps fortunate, that we have 
more operating data on the cap-and-pin type insulator 
than we have on the other types, and as a result we 
are able to forecast more accurately the probable oper- 
ating results of the cap-and-pin type insulator than we 
are of the other types. Time alone is going to tell 
whether or not the cap-and-pin type insulator as it is 
manufactured today is going to do equal work or better 
work or worse work than the other types. It resolves 
itself merely into a question of whether the operating 
engineer is going to take the newer types and carry 
on his own experiments or whether he is going to bene¬ 
fit by the experience of the operating engineers who 
nave had long experience in using the cap-and-pin 
type insulator. 
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S. C. Lindsay: There is one thine: Uuriseems to 
me to need investigation, and that is the etferi of vi¬ 
bration of these insulators under tension. I am of the 
opinion that, you are going to have a great deal of dif¬ 
ficulty in getting anything in the nature of porcelain 
to stand up over a long term of years when it is used 
in the form of a eap-and-pin type insulator and is 
subjected to mechanical stresses and vibrations at 
the same time. I think there will be a definite length 
of lile to those insulators with any improvement in the 
manufacture of porcelain that cun be made, on ac¬ 
count of vibrations, i believe the next most iruitiul 
field for investigation is that of vibration under opera¬ 
ting conditions. 

L. Lauridsen : One of t lie du-kv., Oil-cycle trans¬ 
mission lines of the Portland Railway, Light and Power 
Company is of steel lower construction and equipped 
with suspension insulators. The line is about thirty 
miles in length and was put in operation about 1012. 
Within a year after the line was put in opera! ion, line 
failures began to occur; and by the early part of PPM, 
the failures occurred with a frequency of about one 
a month. It. was then decided to test the insulators 
of the line. This was done by means of a megger with 
a 1000-volt generator and two thousand megohms 
as its highest Unite scale reading. Kadi insulator 
unit was tested from pin to cap. About fifteen per 
cent of the entire number of insulator units on t he line 
was found to test below 2000 megohms. After the 
completion of tin* test, these defective units were all 
replaced. During the following year, IP!b. the line 
was again tested, and about live per cent of t he number 
of units was found to test below 2000 megohms, but. 
none were replaced that, year. A third test of the 
line was made during 1010, which showed that the 
number of defective units had increased from live per 
cent, to eight, per cent. About three per cent of the 
total number ol units tested below 100 megohms, and 
these were replaced. At the beginning of 1017, 
there were, therefore, about, live per cent of the total 
number of units on the line which tested below 2000 
megohms. Due to war conditions and increased line 
loads during 1017, 1018 and 1010, the lint* could not 
be spared for making insulator tests during that 
period; and although no insulator replacements had 
been made since 1010, line failures did not begin to 
occur until the latter part of 1010. During the early 
part, of 1920, the line failures became more numerous, 
and it became absolutely necessary to have the de¬ 
fective units replaced. A megger test, of the entire 
line was therefore made which showed that, the num- 
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ber of insulator units testing below 2000 megohms had 
increased from about 5 per cent in 1917 to 11.4 per 
cent in 1920. Only the units testing below 100 
megohms were removed. These amounted to 7.7 
per cent, leaving 3.7 per cent defective units, testing 
below 2000 megohms, at present in service on the 
line. _ Our tests seem to show that there is a gradual 
deterioration taking place in the insulators. An in¬ 
sulator unit, which one year would test a definite 
value between 2000 and 100 megohms, and which was 
permitted to remain on the line, would invariably 
show a lower resistance at the following test. Whether 
this apparent. depreciation is due to original defects 
in the porcelain, or to defects acquired in service is a 
matter for investigation. In our experience we find 
that the number of failures is about five per cent greater 
m the units in strain position than those in suspension. 

The gentleman who just spoke mentioned vibration 
as a possible cause of insulator failures. The only 
vibration on our line is that due to windage, and I 
doubt that this is of sufficient severity to be a factor 
m the number of failures on our line. 

We consider the megger a useful instrument in 
weeding out defective insulator units in service on the. 
line, and it is our plan to test our lines each year and 
replace all units testing less than 100 megohms. 

A. C. Pratt: We have had the usual experience 
1 think that all companies have had. Our early in¬ 
sulators ran six per cent a year. Our insulators since 
1914 are showing very good, probably one half per 
cent up to date. We have 10,000-volt insulators twenty 
years old that are still failing. Answering Mr. Fisken's 
question to some'extent, they are now failing faster 
than ever. 

C. P. Osborne: I notice that a lot of insulators 
have small hair cracks around the cap where the metal 
joins the porcelain. This is not noticeable except 
under a microscope. But in breaking the insulators 
for inspection and putting ink on them, you can find 
these little hair cracks through the glaze. I am 
wondering if that is caused from corona or is it from 
poor porcelain or from deterioration. We are very 
anxious to find out what the reason for that is. I 
thought perhaps by getting some information from 
Mr. Peaslee and Professor Ryan, who are able to tell 
us these things, we could be enlightened on that point. 

. D. W.. Proebsiel: In Alaska, in 1912, I placed 
m operation a 22 kv. transmission line, only 15 miles 
m length, and within less than a year after the line 
was-in operation I had no less than 20 failures of in¬ 
sulators; not so much , from the insulator itself as 
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from the pin supporting the insulator. The pin that 
was used was an oak pin; and upon examining ilu¬ 
pins that had failed 1 found that the lop of each had 
been disintegrated until it was about the consistency 
ot wet chalk. 1 did not. know what the cause was at 
that time hut I supposed it was due to the salt air. 
Since that time 1 have come to a different conclusion. 
My theory is that, the corona set. up around the in¬ 
sulator, liberated ozone, which is a molecule of three 
parts of oxygen, combined with the nitrogen, forming 
nitrogen letroxide. This was absorbed by the mois¬ 
ture which was on the insulator pin itself, or in the 
insulator pin and formed nitric acid which disintegrated 
the pin, causing the failures. Now the question 1 
am going to ask the authors is this: Isn't there a 
probable source of mechanical failure of insulators due 
to a forming of nitric acid in and about the metal 
part of insulators, causing electrolytic action and 
corrosion and increasing the strains and stresses about 
the mechanical contact of the metal vviili the porce¬ 
lain? And further, is it not likely that the chemical 
action there would cause absorption of water by the 
porcelain, resulting in failures? 

■ J. C. Clark: Are Figs, 1-aand 1-bof Mr. Pension's 
paper drawn front data actually obtained in tests, or 
are they made up from a knowledge of the relative 
permittivities of porcelain and air? 

I find it difficult to reconcile the curves shown 
in Fig. 5 for "conventional" and "rational" designs 
of insulator with the voltage distribution given for 
these designs in Figs, 1-a and 1-b respectively. The 
improved distribution shown in Fig. t-b would lead 
me to expect, a lumx impulse' ratio for the "rational" 
design rat her t han t he hiyhcr one which is given in 
Fig. 5. 

Is it really desirable or not to have a high impulse 
ratio on an insulator string? I believe that this ques¬ 
tion cannot he answered without a full appreciation 
of ad the phenomena arising on a high-voltage trans¬ 
mission system. Involved in the proper answer are 
the subjects of the ability of the porcelain to with¬ 
stand arc-overs, and the design of line hardware and 
accessories such as arcing-horns and shields. 

Reference lias been made to the use of the megger 
for periodically weeding out defective units. I be¬ 
lieve the megger commonly used is the Hvershed in¬ 
strument, containing a small 1000-volt generator and 
a scale reading a maximum of either 2000 megohms or 
5000 megohms. I wish to point out that then* is 
great need for an improved megger to he used in this 
work. Let us remember that the resistance of the 
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conventional cap-and-pin type porcelain suspension 
insulator m good condition is of the order of 500,000 
to 1 000,000 megohms. Assuming that a 5000- 
megohm megger is used, we see, therefore, that a unit 
which is bad enough to give a reading at the upper 
si sca ^ e * s a k' e ady down in resistance to say, 
Y 2 of 1 per cent of its normal value. Thus the amaz¬ 
ing fact is developed that if it is not quite so bad, 
but perhaps down to 7500 megohms or % of 1 per 
cent of its normal. resistance, the megger operator 
accepts it as a unit of “infinite” resistance. This 
means that every periodic weeding-out employing 
this instrument. probably passes many very bad in¬ 
sulator units which may require only a few more weeks 
time to become potential sources of serious line trouble, 
furthermore, it has become fairly well established that 
there is a . coherer effect” in such insulating materials 
as porcelain which manifests itself in resistance meas¬ 
urements by making the resistance a function of the 
voltage used, so that the resistance decreases greatly 
with increasing voltages up to^ a point beyond which 
the resistance is constant during further increase of 
voltage up to the point of actual failure of the di- 
electric. I believe it has not yet been established 
whether or not the voltage employed in the Evershed 
megger is high enough to give resistance values of the 
order of those generally obtaining during the normal 
operation of the insulator on the line. 
t \ J? e ^ eve that the time is again opportune for the 
Institute to develop a new set of insulator specifications 
m the way in which such a set was attempted about 
seven years ago. I think that the repetition of this 
attempt would bring at least the valuable result of 
eliciting important contributions from the operating 
engineers. The resulting discussion would be most 
helpful m clarifying the ideas now prevailing regard¬ 
ing proper insulator specifications and testing. 

In this connection, it is important to note that there 
are apparently coming into existence two schools of 
thought regarding the conduct of high-voltage insu¬ 
lator testing. One of these schools seems to believe 
that there is grave danger of using too high a testing 
voltage, or of applying a high testing voltage for too 
long a time, with the result that good material suffers 
permanent injury. It is alleged that, if a test of such 
nature be repeated again and again, a certain small 
percentage of failures will appear each time, so that the 
ultimate result would be the destruction of all the 
insulators. _ The other school apparently believes 
that weeding out of defective material can be most 
successfully accomplished by the application of a 
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voltage limited only by the dry Hash-over of the units 
under test. This Hash-over voltage would he applied 
to all units for an indefinitely Jong time (with intervals 
frequent enough and of sufficient length to prevent 
much heating of tin* porcelain due to Hash-over) 
until no more failures within a certain definite time 
just before the close of the test period. This second 
school would contend that all of the material passing 
the test would withstand its repetition indefinitely, 
and would deny that good porcelain is ever injured 
by strenuous high-voltage testing. 

I think that all are agreed that the first requisite 
of a suspension insulator is that if support the line 
under all conditions of operation. It should not part 
by pulling or breaking or burning in any ease. This 
is of great; importance. 

It is evident, that there is still room for improvement 
in the so-called bomb-and-link type. Mr. ilille- 
brantl mentioned units of this type which are failing 
regularly by spalling oil’. Can you state whether a 
copper, ora steel link is used, Mr. Hillebrand? 

Mr. Hillebrand: That 1 cannot tell. The oper¬ 
ators of the line gave me the information about the 
porcelain, but that, particular thing 1 did not gel. 

Mr. Clark: That, point seems important be¬ 
cause it was soon found when steel link connectors 
were used that the porcelain spalled off, but this 
trouble ceased immediately when insulators of identical 
make were linked up with copper, 

Mr. Hillebrand: One of the most interesting 
and significant things in regard to that experience 
is that, the trouble did not begin until that, insulator 
had been in use about eight years. 

Mr. Clark: Such experience as I had learned of 
with these units developed that when the steel link 
was used, the insulators developed either mechanical 
failure, i. <>,, spalling, at a point where the relatively 
unyielding steel connector developed highly concen¬ 
trated stress on the porcelain surface, or else the unit, 
punctured electrically there. This trouble ceased 
immediately, however, when copper was substituted 
for steel. 

Concerning the relation of elect rival st ress and 
porcelain deterioration, 1 believe Professor Ryan can 
tell us of some very illuminating facts which he has 
gathered as the result of testing of insulators which 
had been stored under differing conditions. 

Of course, all recognize the difficulty of designing 
a successful eemented-type porcelain suspension unit. 
Great care must be taken to avoid injury to the porce¬ 
lain due to difference in temperature coefficients of 
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expansion, or to the improper arrangement of parts 
so that heavy loads cannot be safely carried, or to the 
use _ of improper cement. Some engineers are 
pessimistic regarding even the possibility of attain¬ 
ment of a successful design. I have hitherto felt 
that there can be no such thing as deterioration of 
porcelain considered by itself. If it is true that de¬ 
terioration takes place in the porcelain itself more or 
less independently of the other parts of the insulator, 
it would be of the greatest value to possess a fuller 
fundamental knowledge of the material as soon as 
possible. 

H. H. Schoolfield : In line with Mr. Clark’s 
remarks I think as we have representatives of the 
insulator manufacturers with us today in such numbers 
and such a variety, it would be a good time to put in 
a word regarding uniform rating of insulators. In 
looking over some of the catalogs of the different 
manufacturers we find that two insulators, especially 
of the pin type, which are practically identical in 
design, have entirely different ratings of wet flash-over 
dry flash-over and recommended line voltage. The 
question was brought to my attention the other day, 
m looking over the table of wet and dry flash-over 
values given the proposed electrical safety code by 
the Bureau of Standards. I found that pin type 
insulators we have been using on our 06-kv. lines 
for a number of years, and which have given us practic¬ 
ally no trouble, would not come up to the Bureau of 
Standards requirements in regard to wet flash-over 
and dry flash-over, if we took the manufacturers’ 
catalog rating _ as a basis. Another manufacturer 
with an identical insulator, using catalog figures 
would comply with the Bureau of Standards. I under¬ 
stand this difference is due principally to the method 
ot making the tests. Some manufacturers use the 
needle gap, some the sphere gap, and I think it would 
be well lor the Institute to work along lines toward 
having the manufacturers get together and adopt 
some uniform method of testing and rating of their 
insulators. 


W. ; D. A Peaslee: With regard to Professor 
Kyans remarks in his paper as to the advisability 
or possibility of an insulator unit, having a higher 
corona forming voltage than at present in general prae- 
tise, it must not be forgotten that there arc* other 
features of design which must be taken into considera¬ 
tion^ The production of a unit with a higher corona 
forming voltage would not be of such great value unless 

Jolrf- sh '° ve T r ^? ltage 1 0f ihe unit were raised at the 
same time. In the production of such a unit the eapaci- 
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tance of the unit and the capacitance of the hardware 
connecting the units together to ground, is another 
feature that comes in, and a variation in those capaci¬ 
tances will do things to the shape of your flash-over 
and efficiency curves that are rather surprising.. lhat 
is one of the fields that is under careful investigation. 
at the present time, to discover just exactly what 
effect certain changes in those capacitances will have, 
and to what extent they can be controlled and reduced 

to analytical laws. . . 

The statement came up several times in the discus¬ 
sion as to the unreliability of porcelain in tension. 
Porcelain in tension, or porcelain in general has some¬ 
what the same characteristics in a stress-strain diagram 
as cast iron. A somewhat distinct lack of yield points; 
that is, the yield point and rupture point coincide, 
and the tensile strength is very much lower than the 
compression strength. At the same time, in struc¬ 
tural work we find the cast iron employed quite com¬ 
monly in tension. . . 

We have made a great many tests of porcelain m 
compression and tension, and I will introduce at this 
point the question of vibration that was brought up, 
and we have found no evidences, nor have I seen 
test results that give us evidence that porcelain, either 
in tension or compression, is injured by either repeated 
stressing or by vibration, which is the same thing, 
provided that at no point in the porcelain do your 
stresses exceed the critical value at which rupture 
occurs. We have had pieces of porcelain under tension 
and under compression with shocks applied to them at 
a rate of several per second, totaling into the millions 
of shocks, in which as near as could be determined 
the stresses were within eighty per cent of the strength 
of the procelain; and we have been able to find no 
difference in the porcelain after that treatment than 
before. But it must be borne in mind that the total 
stress in porcelain, whether in tension or compression, 
is the vector sum of the initial stresses in your por- 
celain and the applied stresses. Now that subject 
has been investigated I know in more than one labora¬ 
tory very carefully. 

Mr. Williams brought out very well the question of 
drying. We claim that practically no defects or 
cracks occur in the firing of porcelain that have not 
been borne somewhere else; and that a piece of clay 
or a porcelain body brought to the furnace, without 
initial stresses, laminations or strata, and of a shape 
that will shrink—and remember that all porcelain m 
firing changes in volume— and change in volume with¬ 
out producing stresses, will go through the furnace 
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properly, and while it is extremely necessary to control 
very closely your furnace operations it is just as nec¬ 
essary to control every other operation of your plant. 
In showing you that, I am going to tell you a little bit 
of the process we employ. From the time the raw 
material comes into the plant it is under the control of 
two distinct departments, one of which is production 
control test, and the other of which is manufacture; 
and no part of the raw materials, from the time they 
come to the plant, can leave a process until they have 
received the approval of the production control test. 
Samples are taken at every part of the processes from 
one end to the other, and before the body is permitted 
to be fired it is fired through a shortened cycle in our 
laboratory kilns; if it passes those tests and is approved 
by the laboratory it is allowed to go to production. 
Now we have a great deal of trouble in our experience 
with this question of drying, and we have obtained some 
rather interesting data. Porcelain used to be dried 
from the outside in, by being placed in a warm atmos¬ 
phere, practically zero humidity and heated up and 
dried. If you dried the outside skin on this body, 
then you dried another one, and another one, and 
another one, those layers contracting in different ways 
and at different times, bringing a body to the kiln that 
had stresses set up in it. That can be shown by 
taking a drill and cutting little cylinders out of the 
body in different places. If you fire those cylinders 
and they bend, you have initial stresses. When you 
take a piece of porcelain and dry it so no matter where 
you drill a cylinder out of it and fire that cylinder 
you can’t get a distortion of the cylinder, you have 
pretty nearly eliminated the drying stresses. 

Drying is now done I think in most porcelain fac¬ 
tories by drying from the inside out. The wet body 
is placed in a drier in atmosphere practically one 
hundred per cent humidity, the temperature brought 
up and the humidity is gradually reduced automatically, 
and we find a rather startling result. With 20 per 
cent humidity you can get a bone dry clay. And not 
only that, you don’t get a drying in laminations and 
layers, but it dries so far as we can determine from the 
inside out and uniformly. And I will say for ourselves 
that the bending and cracking trouble in our kil n 
was reduced about 50 per cent immediately upon plac¬ 
ing that drier in operation. And that was before 
we learned to use the drier. 

Mr. _ Williams’ remarks were very much in order. 
There is not a process in the manufacture of porcelain 
that can be neglected. You have to watch it all the 
time, and you are confronted with operating a factory 
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with labor and the human element entering into the 
situation. An amusing little incident occurred on 
our night shift on the controlling of our kilns. We 
were h aving a lot of trouble. Everything was right; the 
written records came in fine. We put some automatic 
recorders on various places and found out that we busted 
up several fine crap games about two o clock in the 
morning; so we saved lot a of insulators we had 
been losing. You have to watch, not only 
your raw material and the processes, but the human 
people in your factory; and the consequences of a 
very slight slip are very, very serious to the manu¬ 
facturer of porcelain. The raw material must be 
watched. It is rather a startling thing to see the 
variation in iron, that your magnetic separator takes 
out of your raw materials, even when they come 
from the same mine at different times. 

Now in regard to testing, it is true there are two 
schools of thought arising in testing, and I believe 
that both are right. I believe the testing of a certain 
proportion of your product to destruction at all times 
to keep your probability curve in a factory, to establish 
it and know it, is necessary; but I also believe emphat¬ 
ically that every unit that comes out of a factory 
should receive a mechanical test, and after that should 
receive an electrical flash-over test. A unit that will 
not stand an electrical flash-over should not be put on 
any transmission line, I don’t care where it is. Fur- 
thermore, I do not agree with the people who say that 
testing may injure a good insulator. I venture to 
say that any insulator that is good originally can stand 
almost an infinite amount of testing without injury. 
I will lay the cards on the table. I have taken one 
of Mr. Hillebrand’s units and put it for 100 hours 
under 200,000 cycle flash-over, and it is a good unit, 
Mr. Hillebrand, yet. I have done the same thing 
with others. And I maintain that that does not injure 
the insulator if it is made right. But if it is not made 
right it will injure it. , 

In our test, after the mechanical load is applied they 
go to the electrical testing machine to receive a two- 
minute flash-over at 200,000 cycles; and we have 
found that every unit that punctured on that 200,000 
cycle test, if we broke it open carefully we found a 
bleb in it somewhere, and that 200,000-cycle test will 
get that; and if it is right, no matter whether the cap 
and pin type, Jeffery-Dewitt, or what it is, it will 
stand that electrical test, and I don’t agree with the 
people who say it will hurt it at all. If it is made right 
in the first place it will be right. 
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The same question comes up with deterioration. 
We have had units under hundreds of hours of 200- 
cycle test; we have had them under vibration, and 
we have had them under combined tension and high- 
frequency tests, until we are perfectly satisfied that 
if the factory can produce in the first place the right 
porcelain, and if the porcelain and hardware are 
assembled in such a way that the differences of ex¬ 
pansion do not make any difference, I don’t believe 
that the combined mechanical and electrical test has 
any harmful effect upon the unit. I have been unable 
to find any cases of that. We have eliminated the 
60-cycle test, for the simple reason that if we take 
50,000 insulators, test them to flash-over, we will 
have a certain amount of rejections, and we go over 
to the 200,000 cycle lastly and get a few more. But 
we have been unable, with any uniformity, to reverse 
that situation. If we test clear through with the 
200,000 cycle first, in very, very rare instances have 
we been able to puncture one under flash-over with 
a 60-cycle test. I am emphatically in favor of a test, 
mechanical and electrical, on every unit that goes out 
of a factory, to insure that it is right. For our own 
purposes, we take the tests to destruction on a certain 
number of units to keep control of the general trend 
of our factory. We keep control as closely as we can 
on our processes, but the destruction test will give you 
a general over all view of what your factory is doing 
and how well you are living up to your standard. 

In regard to the piezo-electric effect, I think I 
started something when I made that suggestion some 
time ago. We have been making some investigations 
on that,. and also on the fact that porcelain is slightly 
soluble in water, and we are carrying out some tests 
at the present time, using 10,000 pounds pressure and 
porcelain that we know is porous, forcing wafer into 
and out of the pores of that porcelain a great many 
times and trying to discover if there is any apparent 
increase in the porosity. The tests so far have been 
rather disappointing, but it is a very difficult thing 
to get hold of. The establishment of a quantitative 
porosity test in porosities that are in very small 
fractions of one per cent, very small decimals of one 
per cent, is a rather difficult proposition. Quali¬ 
tatively you can show it; quantitatively I have not 
yet been able to do it. 

With regard to the cascading, I agree with Mr. 
Hillebrand to a large extent on that subject. I 
don’t believe we are going to run into a great (leal of 
difficulty with cascading. An insulator on the line, 
as Mr. Peek has said, is automatically graded when 
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the voltage comes up, and I have yet to see a siring 
of insulators brought, up to voltage flash-over as a 
string that appeared to start, as a cascade. I have 
seen them brought up, have brought them up myself 
and have had the end unit Hash-over without flashing 
over the whole string. And I am simply unconvinced 
at the present time that the cascading is a dangerous 

thing. „ , . . 

With regard to the question of the design of the 
Jeffery-Dewitf. insulator to have a high corona forming 
voltage, the design of that, insulator is a compromise 
on a dozen or so different requirement*. The weight 
and thickness of the insulator^ art* not used directly 
to secure a high corona forming voltage; they are 
used to secure a high puncture value, a rugged strength 
to resist the heat, of power ares and the general shape 
that is desirable between electrodes. 

Now the point was brought- up as to why this unit 
shows a high impulse ratio when it should show a low, 
and my opinion on that is, that it is a function of 
two effects, and I have made tests that have indicated 
to a cert ain extent that t hat is t he case. The hardware 
on those units is galvanized and covered with small 
needle points to a certain extent, as is all galvanized 
hardware, and although the spider is large and at 
first sight, looks tike a large sphere, it has sharp edges 
on the sides of the legs and sharp points of galvanizing. 
Furthermore, the electrodes arc so far apart, that the 
flux density in the air at the surface of the electrode 
is different, from what it is in t he concent rail'd type, 
and I have been able tt> take a spider leg, fill it in 
between the spider legs with alloy, and polish it care¬ 
fully and reduce the impulse ratio to a very small 
decimal over one, as would be expected from a sphere 
gap. But, with the construction used, with the fine 
points and the galvanizing in existence and the sharp 
edges of the legs, we have the impulse ratio shown, 
Thai, impulse ratio curve was a test curve and was not. 
made by our laboratory but by an outside laboratory 
to confirm our own figures. Ho we know that we do 
get it, and when 1 found we did get it 1 bad something 
of the feeling of Mr. Hiliebrnnd and wanted to know 
why, and began experimenting to find out, and I 
believe that, is the answer. 

With regard to the depreciation of porcelain, 1 
agree with Mr. Fiskcn. There is no depreciation in 
good porcelain. I have some microscope slides of 
some of the first porcelain l guess that was made in 
history. It is awfully good porcelain. An insulator 
is not. only porcelain, and I maintain there can be 
depreciation of insulators even though there is not. a 
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depreciation of porcelain; and I think one of our 
difficulties in getting together on it is that we are not 
thinking about the same thing. When we talk of 
insulator depreciation we are speaking in general of 
an insulator unit, and when we speak of porcelain 
depreciation as porcelain depreciation, I agree with 
Mr. Fisken, there is no such animal if it is properly 
made. 

Now with regard to the meggar testing, I have done 
some work with the electron tube as a meggar, using 
around 80,000 volts direct current. I had a bright 
idea that I was going to measure the electrical re¬ 
sistance of insulators and throw out everything below 
a certain resistance. I had it fine. But the trouble 
was I took the insulators that would measure five million 
megohms when they came out of a kiln, throw them 
out n the back yard for three weeks and they would 
measure about thirty megohms; under proper treat¬ 
ment they would come up around five million megohms, 
and you didn’t know where you were; whereas a unit 
that only measured about a half million megohms 
would measure a half million megohms under all 
conditions, no matter what was done to it. I don’t 
believe that the meggar test is good for anyth ng 
except to show that a thing is so bad it ought to be 
taken out and scrapped immediately. If the insulator 
shows a reading on the meggar I would not want it 
on a line of mine, because it is so bad that it is in danger. 

The mechanism of failure of a porous insulator is 
something that I don’t believe is very well known. 
The negative temperature characteristic of porcelain 
I think enters into it to a considerable degree. . You 
will have a small conducting path in your porcelain; 
it will become water-logged and begin to conduct; 
the temperature will rise, and as soon as the tempera¬ 
ture of the porcelain rises a little bit locally you have 
a much better conductor and more current flows and 
your heating effect is a function of the square of the 
current, and your current is a function of the resistance 
of the path, and it does not take very long after your 
porcelain gets to a certain temperature to go pretty 
quickly. _ We have tested that out pretty thoroughly 
in electric furnaces with porcelain puncturing at 
different temperatures in electric furnaces, and the knee 
of the curve is pretty steep. When you get with a 
given body to about a certain temperature it goes 
pretty quick. The porous porcelain that is in existence 
today will be weeded out in time; and, as Mr. Hille- 
brand says with reference to the porcelain made in the 
last four years, I believe it is within probable human 
ability to produce a uniform product, non-porous; 
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but we have a great many inmdred thousand insu¬ 
lators out yet that will have to go through a cycle to 
get rid of that. 

I was very glad to hear Mr. Hawley s statement as 
to the improvement (hat they have been able to make 
in the puncture voltage. The question of how great a 
puncture voltage 1 a unit, should have is a question 
largely of the judgment of da* engineer. We don’t 
believe that a unit, should have less than 2o0,000 volts 
puncture. A great many people don't agree with us. 
The only th ng thut will answer that question is the 
next twenty years of operation on transmission lines. 
I think practically all Hu* porcelain manufacturers 
today are making good nun-porous porcelain, prac¬ 
tically the same quality, and from now on, excluding a 
lot of these old insulators that Mr. Fiskett speaks of 
that are out on the line, we have probably an even 
start. The next twenty years ought to tell pretty 
closely whether it. is a question of porcelain or design. 
The porcelain mamtfaet ure has developed from a 
black art or science, in which everything was mystery 
and secret process, to a scientifically controlled process, 
and I think that is true of every factory In the Knifed 
States of any size. Therefore wo are all on an even 
basis now in the manufacture of good porcelain. The 
next few years are going to begin to give us some infor¬ 
mation as to whether or not those that, have perfectly 
honest differences of opinion regarding the design are 
all wrong or all right, or part of us arc wrong, or where 
we stand, and while the laboratory tests are of great 
value and help us a lot, it is pretty generally admitted 
that the one thing that will answer the question is 
service out on the line* and what happens. 

With regard to the failure of insulators in a strained 
position, 1 believe that tin* results are a lit tit* confusing 
in that respect, for the reason that, they refer to old 
insulators. 1 do not believe, and Mr, Hillehrand may 
haye some information on this subject, that the de¬ 
terioration or failure of insulators in strained positions 
is any greater than the suspension, when we consider 
the insulators made in the last four years* They are 
making good porcelain now. din* cap and pin type 
insulator have a yielding layer between their cement, 
steel and porcelain, and they will stand expansion and 
contraction. Witty your string in a horizontal po¬ 
sition none of the insulators are shadowed by the in¬ 
sulators above them. On a frosty morning when t he 
sun hits the top unit of the suspension string tin* 
units below that unit are ton certain extent in the shadow 
and are allowed to come up to temperature more slowly, 
but in the horizontal position the sum will strike (hem 
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all, and I believe it is simply a question of the theory of 
probability, that there are more exposed to being hit 
and there will be more that will show up with failure. 
But I have noticed pretty carefully the reports of 
operating men, and so far as I can see from the meager 
returns yet in, the insulators made in the last four 
years are not showing that wide difference in failure 
between the suspension and strain stress. 

With regard to the immersion test, I will be per¬ 
fectly frank with you. I don’t regard that as in any 
way conclusive except as the megger test is. An in¬ 
sulator that will not stand the immersion test from 
freezing and boiling water I don’t think is much good, 
but I don’t know many made up in the last three years 
that won’t stand it. If they don’t they should not 
be considered. But if they should stand it, there is 
not much of any way of saying which is the best of all. 
Now I know, to be perfectly frank with you I have had 
cap and pin type insulators under fifty or sixty immer¬ 
sions in boiling and freezing water, and I have had 
many of our own. A few have failed and the others 
have gone on. But it is an indication that they will 
stand forty or fifty of those immersions, which are more 
severe generally than the climatic changes; and if an 
insulator appears that won’t stand that I would be 
pretty suspicious of the insulator. 

I don’t believe that the corona forming nitric acid 
in the air is anything we have to worry ourselves very 
badly about. I have never seen any indications on 
an insulator yet of that action. We have in certain 
places some cases of insulators on railway construction 
wherein the locomotives stop under the insulator 
string and sulphuric acid forms on the cold insulator, 
which has given some trouble due to corrosion in 
galvanized fittings. If there was very much nitric 
acid formed by corona you would get that pretty 
positive. The fact that we haven’t run into that very 
much makes me believe that it is not an important 
feature in the design. 

Regarding the mortality tables of insulators—that 
study is being made for a rather different purpose, 
I believe—I don’t think I brought out very clearly 
just what the purpose of that is; but what we are trying 
to find out is how long an insulator stays up on a 
line regardless of why it comes off. Now we have some 
very valuable data acquired already regarding poles, 
and the data were prepared in this way; we wanted 
to know how long a pole stayed up no matter whether 
it was taken down by the local councilmen or an auto¬ 
mobile ran into it, or they changed the pavement 
and had to move it, or whether theyfgot a joint pole 
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committee and had to put up a bigger pole. The 
data we want are, as follows: When an insulator 
fails we want to know two things—how long that 
insulator has been out and how many insulators there 
are on the line of the same age as that insulator. 
That is the fundamental data, we will ask of you. 
Eventually'those tables will give you,, as the data 
becomes more complete, how long an. insulator will 
liv6 Regardless of why; and in the Question of financing 
new projects and studying the cost of maintaining 
lines, that information is of a great value. In fact, 
it is quite a serious thought among large corporations 
at the present time to write insurance on certain features 
of their line construction. They haven’t got the in- 
sulator yet on the basis of these mortality tables 
which have already been developed to a rather large 
degree. As insulator manufacturers we are very 
much interested n the operating man’s troubles, 
but one difficulty we find with the operating man is 
that he tells us his troubles without the history. He 
will take you into his office and will say, “Look at that 
insulator. It has got a hole in it you can stick your 
fist through.” “Fine! How did it happen? I 
don’t know. It was taken off of the line. How 
long had it been up?” “I don’t know. When did 
you get it?” “I don’t know. It was bought some time 
ago.” You don’t know where it was, you don’t know 
the exposure to the sun, you don’t know the tempera¬ 
ture ranges it was subjected to, and he doesn t. 
He has not been keeping those records, and as a conse- 
quence we get vast volumes of data which we do not 
dare to use for the simple reason we can’t form any 
conclusion because we don’t know the history. If the 
operating men will only watch their insulators, and the 
history of those insulators, and when an insulator 
fails, or any of them for any reason fail, if we can know 
when it failed and the history of the insulator it will be of 
the greatest value to us as manufacturers. I want 
to urge on all the operating men here to get their 
records in that kind of shape and let us have them, 
and the more we get of that kind of information the 
faster we can bring this insulator situation to a point 
wVifire it is satisfactory and the greater progress that 


we will make. 

S. C. Lindsay: Mr. Peaslee, before you close I 
would like to ask a couple of questions regarding those 
vibration tests Now in the first place on what types 
of insulators did you make those tests? 

W. D. Peaslee: I made those tests on three makes 
the cap and pin units, our own units, and the Hewlett. 

S. C. Lindsay: You said the vibration tests ran 
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into the millions. Did those millions approximate 
the number of millions of vibrations they would be 
likely to experience over a period of eight or ten years 
of service? 

W. D. Peaslee : Well, that is a little hard to say. 
We had a rig set up with a string of insulators on it 
and a cam raising and dropping a weight on it, and 
some of the tests we ran as high as eleven to twelve 
million repetitions, shown by_ a revolution counter; 
some were only four or five millions; and after those 
tests we could find no change in the average tensile 
strength of the units. Not only that, we have taken 
porcelain and made up special test pieces, placed them 
in tension and placed them in compression and run 
up into ten and twelve and thirteen million impacts on 
those, and in that case we had the stresses absolutely 
controlled and we knew to what value we were stressing 
the porcelain. Naturally in the insulator we had no 
idea of exactly the value of the maximum stress in 
the porcelain, and in all of our cases we have found 
an absence of results that indicate that there is. And 
furthermore, from the standpoint of theory, I am unable 
to see any reason why it should be so. A piece of 
porcelain has the strength, we will say, of 5000 pounds 
in a given area. If you stress that porcelain to 2000 
pounds and bring it back, you can stress it as many 
times as you wish, you won’t get any permanent set. 
There seems to be no molecular or other kind of flow 
or motion in it. So as long as you keep the stresses 
below the rupturing stress of the porcelain, how can 
there be any deterioration? 

S. C. Lindsay: There can’t. That is just what 
I was bringing out. After that it went through 
several hundred thousand million vibrations probably, 
over a period of ten years that those stresses were set 
up by the vibration beyond the limit of the porcelain 
to stand up. 

W. D. Peaslee: Well, it will break at the first 
vibration that goes above the ultimate strength. 
Those stresses are not cumulative. The porcelain 
is elastic within its strength and those stresses don’t 
add up. If you have got a permanent set you may 
expect an addition of stresses, but without permanent 
set and with porcelain of the vitreous character that 
it is—and I have never seen melted feldspar crystallized 
by vibration; and under the microscope this porcelain 
that had been through several million cycles showed 
no difference in structure from what it had before it 
was subjected to test. So I can’t see any reason that, 
as long as the stresses are kept within the critical 
strength, there would be any weakening in strength 
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due to repeatediload. And that is all the vibration 
is anyway: It is the repeated load, very rapidly applied. 

S C. Lindsay: Your conclusion then is that there 
is nothing to this theory that vibration ultimately 

breaks down the insulator ? , . T 

w. D. Peaslee : No, I don’t believe there is. I 

can’t accept that as a theory at all. T „ 

There is one question that was asked which I forgot 
to answer. That was whether the figures shown there 
were tests or made up from a knowledge of the shape 
of the field. Those figures are made up from a series 
of a great many hundred tests on different shapes and 
forms of dielectric boundaries between the air and 
dielectric, and are one of a great number of tests that 

we have made in that study. 

F. W. Peek, Jr.: The Hewlett type suspension 
insulator is the original suspension insulator. e 
first suspension insulators put into practical operation 
were of this type. We have, therefore, a longer 
practical experience with this type than any other. 
After a considerable number of these insulators had 
been put into operation, the cemented type insulator 
came into extensive use. This followed because 
given electrical characteristics could be obtained at 
less cost with the cemented type than with the Hewlett 
type. It was soon found, however, that m general a 
very large percentage of the cemented type units iailea 
after several years of operation. The great importance 
of the mechanical design is now well understood and 
undoubtedly great improvements have been made m 
the mechanical design of the cemented unit. I have 
made a study of Hewlett insulators located m different 
parts of the country, and have not found any evidence 
of appreciable deterioration either in operating records 
or in electrical and mechanical tests made on the many 
units returned to the laboratory. The recorded 
cases of trouble were confined to failures of the more 
or less crude early types of hardware. . 

Mr. Crawford’s experience. with the Hewlett in¬ 
sulator is practically the universal experience with 
this type. Mr. Hillebrand states that he has found 
a case where the Hewlett type of insulator has de¬ 
preciated 1 per cent after ten years of service. . This 
is unusual. Although I have investigated practically 
all systems using Hewlett insulators, this case has not 
come to my attention. It may be due to steel hardware 
as Professor Clark points, out. It is of interest, 
however, that this case cited against the Hewlett 
would be considered an unattainable record for the 
older cemented types, where the depreciation is some¬ 
times 25 per cent after three to five years. 
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Regarding the discussion on transient arc-over 
voltages, it is my belief that an insulator should have 
high impulse ratio. It is possible to obtain this without 
a sacrifice in the characteristics at normal frequency. 1 

While it is true that the maximum unit voltage 
stress for a long string is less on the cemented types 
than on the other types, the same shield reduces the 
stress to practically the same value on all types. As 
I have already pointed out in my paper, the ring or 
antenna type of shield corrects uneven voltage dis¬ 
tribution, prevents excessive corona on the line end 
units and tends to direct the power arc away from the 
string. The maximum unit stress on the 200-kv. 
shielded string can be made less than on the 100-kv. 
non-shielded string. 

In conclusion I wish to state that I have faith in 
the successful operation of transmission lines at 220 _kv. 

Harris J. Ryan: In regard to the original applica¬ 
tion of the insulator shield by Mr. Fisken: The purpose 
of the shield brought forward in the present papers 
has particular reference to the problem of the sus¬ 
pension insulator when used for line voltages in excess 
of 150 kv. Its purpose is twofold: (1) To limit the 
ma xi mum voltage duty to be carried by any unit in 
the string; (2) To lessen the punishment of the string 
uni ts when flash-over occurs. Undoubtedly Mr. Fis- 
ken’s design was in effect, an early application of the 
static and flash-over shield to pin type insulators. 
Probably the excellent durability noted is due to the 
improved flash-over characteristic caused by the shield 
and good fortune in securing insulators in which the 
porcelains are so made and assembled that cracking is 
virtually absent. 

Mr. Crawford is right in bringing up the possible 
value of holdmg to seven units in a string and of making 
them larger than at present for line voltages in excess 
of 110 kv. Two problems are involved in this pro¬ 
position: (1) The quantity production of such larger 
uni ts; (2) Their electrical characteristics, which in 
any event would have to be checked or adjusted by 
actual test. 

In regard to Mr. Stauffacher’s remarks concern ng 
the proposition to elevate the voltage on the Big 
Creek-Los Angeles transmission from 150 to 220 kv. 
We will gladly do all in our power to cooperate in the 
undert akin g to determine the values of the insulator 
factors that will enter into such undertaking. 

Too little is known at present (July 1920) of the 

1. Peek, The Effect of Transient Voltages on Dielectrics, 
A. I. E. E. Transactions 1915. 
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details of flash-over formation to deal with the subject 
in the manner presented by Mr. Hillebrand. What 
he has said in this instance is to be taken as an ex¬ 
cellent effort to define the problem of flash-over with 
and without cascading rather than to present factors 
which are definitely understood in reference thereto. 
Regarding his reference to porcelain as “cracking 
with time in accordance with its inherent character¬ 
istic”: I can not agree that this has been demonstrated, 
as yet, for good grade high-voltage porcelain. It is 
an open question today as to whether good grade 
porcelain has such liability to crack when exercised by 
thermal or mechanical cycles to a reasonable extent. 
Herein, I share Mr. Fisken’s impression that there are 
man y evidences that porcelain can be made which 
will not deteriorate. Laboratory tests and obser¬ 
vations in the field should be undertaken to settle 
this question as quickly as possible. 

The suspension insulator when used as such can not 
be subjected to severe mechanical vibrations. Mr. 
Lindsay, however, is right in emphasizing the im¬ 
portance of knowing just what the effect of such 
vibrations is upon the durability of the units. It 
must be that in dead-end duty these effects are oc¬ 
casionally severe due to longitudinal resonant mechan¬ 
ical vibrations set up by the wind, particularly in 
long spans. 

Regarding the “watts lost” curve on page 1671: Mr. 
Hillebrand is entirely right n his surmise that the loss 
occursfor the most part in the air surrounding the unit and 
not in the unit proper. It is well to remember that 
the air is there and necessarily a part of the insulator 
assembly; that no good comes from operating it 
overstressed or ionized. 

“Impulse ratio” considered by Mr. Peaslee and 
discussed by Mr. Hillebrand must be a highly uncertain 
factor in flash-over characteristics of insulators. For 
example the results of measurements made since the 
date of this discussion, of the maximum r. m. s. values 
of 55,000-cycle voltage transients required to break 
down air columns between a one-inch tube terminated 
with a three-inch sphere as the main electrode and a 
grounded square plate haying an area of 25 square 
feet are given in the following table: 
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Gap in 
inches 

Required 

R. m. s. max. 
55,000 cycles 
transient, 
kilovolts 

10 

250 

25 

300 

50 

370 

75 

440 

100 

500 


for flash-over 


Appx. estimate 
for 60 cycles, 
idlovolts 


Impulse 


ratio 


140 

290 

540 

790 

1040 


1.78 

1.03 

.69 

.56 

.48 


The values here given are only approximate and may 
be subject to some revision when finally reported. 

Piezo-electric effect. in the undissolved quartz 
crystals in the porcelain has been brought up as a 
possible cause of cracking of porcelain. Now it is 
true of the quartz crystal that in a plane parallel to 
the face of the crystal and at right angles to the optic 
axis the crystal w 11 expand or contract on direct or 
reversed electrification. In so loing it also expands 
or contracts under such electrification in a direction 
that is at right angles to the face of the crystal and to 
the optic axis. It should be remembered that these 
expansions and contractions are enormously small 
due to electric fields set up by 10,000 volts per inch; 
and that the quartz crystal remaining in good electrical 
porcelain is a body so small that its matrix of elastic 
amorphous material easily accommodates such dimen¬ 
sional changes without mechanical overstress ; The 
radio engineer has used porcelain extensively in intense 
high-frequency fields without noting a tendency to 
deteriorate* 

Professor Clark has referred to our studies of insu- 
lator durability in relation to the daily variation of the 
elements. The results obtained through these studies 
have been published in: Discussion, Trans. A. I. E. E. 
Vol. XXXVI, p. 563, 1917 and the report of the 
Insulator Committee, John A. Koontz, Chairman, of 
the National Electric Light Association, Pacific Coast 
Division, 1920. 
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BRIDGE METHODS FOR ALTERNATING- 
CURRENT MEASUREMENTS 


BY D. I. CONE . 

The Pacific Telephone & Telegraph Company, San Francisco, Cal. 

T HE extension of the field of application of electric 
energy to human service requires more and more of 
measurements of electrical quantities, of varying 
grades of precision. Very prominent in the history of 
electrical measurements is the so-called “bridge” 
method, the fundamental principle of which is the equal¬ 
izing of the potentials of two chosen points in a network 
of electric circuits. The original application of this 
principle was made by S. H. Christie in 1838 to the 
measurement of resistance to direct current in the 
arrangement long familiarly known as the Wheatstone 
Bridge. Numerous forms of Wheatstone Bridge for 
direct-current measurement have been developed. 
The conditions for its use have been investigated 
thoroughly and are well-known. 

Of later development and less known and under¬ 
stood are the applications of the bridge principle to 
measuring impedances of alternating-current circuits. 
However, the knowledge of the Wheatstone Bridge 
as used with direct current can immediately be made 
use of for alternating-current testing by applying the 
principle stated by Kennedy in the following words. 1 

It is however, a seemingly universal and a wonderful law, that 
all the numerical formulas and rules of quantitative behavior 
for continuous-current circuits, or conductors, are exactly the 
same for single-frequency alternating-current circuits or con¬ 
ductors, in respect to potentials and currents as also (with minor 
reservations) to power and energy if these formulas and rules are 
interpreted as relating to complex numbers. 

The purpose of this paper is to present a resume of 
simple methods of utilizing “bridge” networks in 

1. Kennelly— Hyperbolic Functions Applied to Electrical En¬ 
gineering 
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alternating-current measurements of impedances and 
their components of effective resistance, self and mutual 
inductance and capacitance, and in frequency measure¬ 
ment. 

A great variety of arrangements have been described 
by numerous writers. It is not attempted to include 
all of these, but to present such a group as will give 
latitude of choice to suit the apparatus that is avail¬ 
able, or permit the use of several methods to check 
against each other. By the methods shown approx¬ 
imate measurements over wide ranges of values can 
be made with very simple apparatus. It is hoped 
that others will add from their experience to the value 
of the collection. 

Impedance Bridge-General 



If Z 3 = kZj = then Z 4 = k Z 2 & Z mn =-^ {Z x +Z 2 ) 

Pig. 1 

Before taking up the various practical forms of 
bridge network, it will be helpful to consider the con¬ 
ditions for balance and other characteristics of a 
“Wheatstone bridge” wherein the four resistances 
are replaced by impedances. Thus generalizing the 
Wheatstone bridge network and utilizing the ordinary 
formulas in accordance with the principle quoted from 
K enn edy's statement given above, the relations shown 
in Fig. 1 are determined. In place of resistance is 
written the impedance. 

Z = VR- +x> [6 =R+fX 
Where R = effective resistance 

X = effective reactance (+ if inductive, 
— if capacitive) 

9 = tan -1 

R 
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The standard rules for combining complex numbers 
must of course be observed in using the formulas. 
Besides the formula connecting the several impedances 
at balance, the impedance of the whole bridge between 
the comers m and n is given, also the division of current 
among the branches. These are useful when it is 
necessary to determine the current input to the circuit 
whose impedance is being measured. It is of interest 
that when two opposite impedances of the network, as 
Z, and Z 3 or Z 1 and Z A , are equal, the impedances 
Z mn and Z m are alike equal to that same value. 

Interchanging the energy source and balance de¬ 
tector connections, (energizing at p, q, and equating the 
potentials of m and n for balance) the same impedance 


CAPACITANCE- COMPARISON. 
-. ^mrj 



uj = Zrrf 


Fig. 2 

relation prevails for balance, but the impedance, 
Z pq , is in general different from Z mn• Thus, 

Z p t _ (Zi + Zjt) (Z 2 + 

zZ ~ (Zt + Zt) (Zz + Zi) 

_ Za (gl + Z3) 2 

(Z 1 + z 2 y 

When Z 3 = kZ 1 

Z vq _ ZnZ, (1 + fc) 2 

z pm (Zi + z 2 y k 

The arrangement to be used in practise to secure 
greatest sensitivity, for a given departure from the 
balanced condition, depends on the impedances of the 
branches, including the balance detector and energy 
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source, and on the kind of circuit being measured. 
For example, where a telephone receiver is used, the 
disturbing extraneous noises may be less with one 
connection than the other. If the balance detector 
has higher impedance than the energy source, it should 
be connected between the two opposite points of the 

network having the higher impedance. 

Specific applications of these general formulas, and 
examples, will be given below. It is to be observed 
that the bridge methods here described provide for 
comparisons among resistances, inductances, capaci¬ 
tances, etc. and not for absolute measurements of any 
of them in terms of the fundamental units. 

Fig. 2 shows the arrangement (due to De Sauty) for 
comparison of two capacitances. For the standard 
capacitance a variable condenser may be used, or with 
a fixed condenser the ratio of A to B ca# be adjusted, 
as by having A and B in the form of a slide wire. 
Variable resistances such as are found in Wheat¬ 
stone bridges are also convenient for A and B. It is 

to be noted that the ratio A-, the multiplier for 

ID 

B 

obtaining C u , is the reciprocal of the factor —for Z u 

and Ru since the impedance of a pure condenser is 
inversely proportional to its capacitance. C a should 
be as nearly as convenient of the same magnitude as 
C u . The method allows of precise adjustment for 
balance only when the two capacitances have very 
closely the same power factor, as for example the case 
of comparing good mica condensers. 

Where the power factors of the standard and un¬ 
known condensers are different, and in general for 
measurement of capacitive impedances, including both 
resistance and capacitive reactance components, the 
form shown in Fig. 3 (due to Wien) can be used. A 
variable resistance r is arranged so it can be made 
part of either R.„ the effective resistance of the “stand¬ 
ard” arm, or R u , the effective resistance of the “un¬ 
known” arm. If the standard condenser C, has a 
very small energy loss or effective resistance compon- 
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ent, as in the case of a good mica condenser or an air 
condenser, R s will be practically identical with its 
component r, external to the condenser. Mica con¬ 
densers have phase anglesj)f from one or two minutes 
up to six or seven minutes or more, depending on their 


,F\$. 3. CAPACITIVE IMPEDANCE. 



Fig. 3 


quality. At 1000 cycles per second and with a 0.1 
microfarad condenser having a phase angle of five 


minutes the reactance is 


_iw_ _ 

2x1000 X 0.1 


or 1592 


ohms. The resistance is then 1592 sin 5 minutes or 2.3 
ohms. For ordinary work, therefore, the effective re¬ 
sistance of a mica condenser can be neglected. With 


riG.4. ' CAPACITIVE ADMITTANCE. 



paper condensers much greater effective resistances 
are encountered. 

The arrangement of Fig. 4, where the standard resist¬ 
ance and condenser are in parallel, may be designated 
as an admittance bridge, since it is adapted to deter- 
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mine more directly conductance ( g n = 4 ...X > gus- 

' B R, / 

ceptance ^ l u = cc C u = -4- cotJ,j and admittance 

(y u = -N Y s ) than the form previously described. 

Impedances may also be calculated from the values of 
R s , C s , A, B, and frequency/. 

Whether the method of Fig. 3 or that of Fig. 4 shall 
be used may depend on the range of the apparatus 


Frequency 


# = R<>- kR] “ 


> *Y - a «C§ 

If R 2 = then Cj* 2C 2 

\yx: 2 f " 2 ^ c 2 e , 

If R x =500 Ohms & R 2 1000 Ohms 
10QO 159.2 

2/rc 2 ~ c 2 

For C 2 in Microfarads 

Fig. 5 


available. As an example, let B = 2 A, and consider 
the necessary values of R a and C s for the case where Z u 
is a resistance of 1378 ohms ( R u ) in series with a con¬ 
denser of 0.362 microfarads (C u ). Then with the 
arrangement of Fig. 3 (R s and C s in series) the setting 
of R s is 689 ohms and C, is 0.724 microfarad for all 
frequencies for which the given values of R u and C u 
hold true. With the arrangement of Fig. 4 (R„ and C, 
in parallel) R s = 800 ohms and C s = 0.100 microfarad 
at w = 5000 (/ = 796 cycles per second). For other 
frequencies the Fig. 4 bridge values would differ. 

‘ The above example illustrates the fact that the 
shunting of a condenser by a resistance affords a means 
of increasing its effective capacitance. This is shown 
more fully in the curves of Fig. 18 for a capacitance 
C7 = 0.1 microfarad shunted by a resistance R 2 
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varied over a wide range, the frequency chosen being 
co = 2 rf = 5000. The effective capacitance of the 
combination is C u and the resistance, Ri. 

A method is thus afforded for using a fixed condenser 
as C s for measurements with the Fig. 4 bridge. On 
account of the variations of the effective resistance, 
(see Ri of Fig. 18), additional series resistance (like r 
in Fig. 3 and 6) is necessary to obtain balance. 

The effective inductance of a fixed inductance coil 
can be varied in like fashion to the condenser just 
described.- Referring to the case of Fig. 18, for the 

Fis.6. inductance:; inductive impedance. 

bHK aH 

r Iraq 

Ai-B k+l 

=- i ^ r (A-R s *j«,U 6 l 


Fig. 6 



chosen frequency, a self-inductance L 2 of 0.4 henry (of 
low resistance) shunted by resistance R 2 , exhibits the 
same effective reactance (Xi) and resistance (Ri) as 
the condenser C 2 of 0.1 microfarad. The effective 
inductance L r is always less than L 2 . 

A bridge method of determining frequency, using 
resistance and capacitance only, connected in series on 
one side and in parallel on the other, is shown in Fig. 5. 
The formula for the general case is rather complicated, 
but by choosing the shunt resistance R 2 equal to twice 
the series resistance R v the condition for balance is C i 
= 2 C 2 and the frequency is 


2 t r C 2 R 2 ' 

By setting R = 1000 ohms 
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C being expressed in microfarads. A corresponding 
method might be used employing inductances of low 
effective resistance. 

A bridge for the direct comparison of inductances 
and measurement of inductive impedances (due to 
Maxwell) is shown in Fig. 6. As in the case of the 
bridges already described, a slide wire may be used to 
form A and B arms, with a fixed inductance L s . A 
shunted inductance can also be used for values below 
the range of L s . To measure inductances higher than 


rtS.7. INDUCTIVE IMPEDANCE 



Fig. 7 


k L s , a condenser may be connected in series with Z u . 
A condenser of capacitance C can be considered as a 


negative inductance of size L' = 


1 

co 2 C' ' 


The in¬ 


ductance L u will then be k L s + L'. 

Methods will next be described for comparing self¬ 
inductance with capacitance, or stated more generally, 
of determining inductive impedances by comparison 
with capacitive impedances, or vice versa. 

Fig. 7 shows an arrangement (due to Maxwell) 
much used for determining inductive impedance in 
terms of a resistance and condenser. It can, of course 
be used also for the converse process. A series resist¬ 
ance and condenser can be used in place of R a and C„ 
but the formulas are less simple. This form is not 
shown. Especially simple calculations are afforded 
for the Fig. 7 bridge by making A B (each in ohms) 
equal one million. Ordinarily R s and C a are the vari- 
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able elements, but balance is obtainable by varying 
others such as A, B or L u . A vector diagram of cur¬ 
rents and potential differences of this bridge is shown 
in Fig. 17, which gives data of a numerical example. 

In Fig. 8 is presented a modification of the bridge 
just described, known as the Anderson bridge. A 
resistance t is connected between condenser C s and 
corner p, and the detector is connected to the junction 
of r and C s . By varying r, a fixed condenser C e can 
be used for inductive impedance measurements over a 
wide range. Where r is large it has been found advan¬ 
tageous to interchange the energy source and the 
detector. 


inductive: impedance:, 



Fig. 8 


Fig. 9 presents a bridge set-up suitable for making 
measurements in quick succession of capacitive and 
inductive impedances. For measuring capacitive 
impedances, it is the same arrangement as that pre¬ 
sented in Fig. 4. By switching the condenser C, so 
that it is connected from n to q, instead of to p, balance 
is obtained for an inductive impedance Z n . The same 
formulas apply in each case, changing sign of the react¬ 
ance X u , when ratio arms A and B are equal. This 
bridge can also be used to determine frequency. 

The bridge shown in Fig. 9 may be described as a 
resonance bridge, when X u is inductive, since the arm 
n q is made non-reactive at balance. A well-known and 
widely useful resonance bridge is shown in Fig. 10, 
which can be used to measure either inductive impe¬ 
dance (R u + j co L u ) or capacitive impedance 
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( fc -'-=W-) 

by using variable series capacitance C 3 or inductance 
L u to resonate the branch n q. It is also a convenient 
means of determining the frequency, using fixed 
condenser and variable self-inductor or vice versa. 
With a variable standard inductance this arrangment 
can be used like that of Fig. 9 for measuring inductive 
and capacitive impedances alternatively by simply 
placing the variable inductor in the n q branch for 
measuring capacitive impedance, or in the n p branch 
for inductive impedance, as was shown in Fig. 6. The 
methods described on page 1748 for securing variation of 


CAPACITIVE OR INDUCTIVE IMPEDANCE. 



Fig. 9 


effective reactance of fixed condensers or inductances 
can be applied to this bridge. 

Next to be considered is the measurement of mutual 
inductance. A method which is also applicable to 
mutual capacitance and resistance, or stated generally, 
to mutual impedance determinations, makes use of 
bridges such as those already described. Consider 
two circuits, of impedances Z x and Z % respectively, 
and mutual impedance Z m l . If connected in series 
the resultant impedance is Z a = Zi + — 2 Z m . By 

reversing the connections of one of the two, the sign of 
the Z m term is reversed and the impedance is 

Zb — Z\ + Zi 4" 2 Z m 


1. See Bibliography No. 5. 
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Zi and Z 2 can be eliminated from these two equations 
leaving 



Where one terminal of Z i and Z 2 is common, for example 
the case of two earth-return wire circuits, the above 
procedure for obtaining Z b is not possible. However 
by measuring Z u Z 2 and Z a , Z m can be evaluated, for 
2 Z m — Z\ + Z 2 — Z a . 

A check may be had by measuring the impedance 
£ 12-0 from the two free terminals in parallel to the 
common terminal, but the formula for Z m is compli¬ 
cated, being __ 

Z m = Zi2r-0 zb “\/Z 12 — 0 + Z\Z 2 — Zi2r-0 (Z\ + Z 2 ) 

The use of this method and of the Fig. 10 bridge will 


INDUCTIVE OR CAPACITIVE IMPEDANCE. 



a 07 C s 

r. 'OOP ^ l^.g 

2iry L u C s VL-u^s 

FOR Ly IN HCNRYS 

C s IN MICROFARADS. 

T = 1 mr> 

u A+B k+l 


Fig. 10 


be illustrated by measurements on a retardation coil 
having two windings on an iron-wire core. 

The frequency was first determined by balancing a 
0.1004 microfarad condenser (C») with an inductance 
L u = 0.379 henry, (using an inductometer), R s being 
adjusted but its value not required. A and B were 
each 1000 ohms resistance. Their values likewise are 
not required for finding the frequency 

/ = - 159^2 - = 816 cycles per second. 

0.379 X 0.1004 

a = 5130. co 2 = 26.3 X 10 6 
The resistance components, being small compared 
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to the reactance components will for brevity be omitted 
from consideration, leaving only the reactances. The 
factor co then cancels out, thus 

7 7 

f jr * <* U * J (l 


becomes 


ccl - 




U - h 


To find L,„ with the two windings in series aiding, 
C. -- 0.0141 microfarad whence 


1 j « { ‘ ii) 


10 " 

w 1! X 0 .0141 


1.70 hear vs. 


Reversing connect ions, placing the two windings in 
series opposing; to find Li„ (■„ 0.02112 microfarad, 

, , 10 * 
whence L b ( « L u ) « w ., y ()02;{2 


Thus L„ 1,04 henrys. 

M r., 1/4 (2.70 1.04) = 0.205 henry. 

The impedance of one winding, Z\ the other being 
open-circuited, was as follows: 

C, = 0.01M8 microfarad. R, 254 ohms = R u 


L u = ~ - 1.090 henrys ~ « = 5010 ohms 

co'-'C, 
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whence 

Z u (= Zi) = 254 + j 5610 ohms. 

The direct comparison of two mutual inductances is 
effected by the bridge of Fig. 11 (due to Maxwell). 
The impedances Z 3 and Z 4 include the inductive react¬ 
ances and resistances of the secondaries of the mutual 
inductance coils Mi and M 2 , besides variable resist¬ 
ance. The small variable inductance l is made part 
of either Z 3 or Z 4 and is necessary to equate the phase 
angles of Z 3 and Z 4 . With Mi and M t known this 
bridge is available for ordinary impedance measure¬ 
ments, also. 

The circuit of Fig. 12 is a very convenient method of 
determining frequency in terms of mutual inductance 
and capacitance, or for measuring either of the latter, 
if the other and the frequency are known. It depends 

FIG.IZ. mutual inductance - 

capacitance-frequency. 



M to 2 C =1 
M = - 

c=- 


,*c 


I 




Fig. 12 


for its effectiveness on the effective resistance compon¬ 
ents in the branch G and in the mutual impedance of 
the coil M being very small. If, due to eddy-current 
effects, the secondary induced e. m. f. of the coil M is 
not in quadrature with the primary current, or if there 
is energy loss in the condenser so that the potential 
drop across it is not in quadrature with the current, 
precise balance is not obtained. As an example, it 
was found impracticable to make a very close deter¬ 
mination by this method of the mutual inductance of 
the iron-cored coil of which measurements were 
described above. 

Another bridge, (due to Carey Foster) for comparing 
mutual inductance with capacitance, is given in Fig. 13. 
The frequency is not involved in the equation. The 
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method also permits the determination of the resistance 
of the arm containing the capacitance, so that the 
effective resistance of a condenser can be measured, 
and thus its power factor. 

A bridge for comparing self and mutual inductances, 
(due to Heaviside) is shown in Fig. 14. A method of 
differences, (due to Campbell), which can also be 
applied in principle to other bridge networks, has been 
developed for the measurement of small self-inductances 



using this arrangement. The bridge is first balanced, 
with n — n' short-circuited. The inductance to be 
measured is then inserted between n and n’ and the 
change in M a to restore balance is observed. It is 
necessary that the self-inductance L s of the secondary 
winding of the mutual inductance coil remain constant. 

For the comparison of low impedances, for example 
in determining the conductivity of electrolytes, and 
cases where contact or leading in resistances are of 
importance, the Kelvin double bridge is used. The 
arrangement is shown in Fig. 15. Where, as in electro¬ 
lytes, there is capacitive reactance effect, it may be 
necessary to shunt the standard resistance with a small 
variable condenser, to obtain exact balance. 

An important use of bridge networks is the deter¬ 
mination of unbalances, or the difference between two 
impedances or admittances; often of two sides of a 
circuit with regard to some common reference, usually 
“ground.” The most obvious way is to measure each 
impedance separately. However, it is frequently the 
ratio of values that is desired and not the actual values. 
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For this purpose, if the phase angles of the impedances 
being thus compared are nearly alike, the type of 
bridge shown in Fig. 2, 3, etc. having ratio arms A and 
B in adjacent branches, permits direct determination 
of the ratio of the impedances in the two other branches, 


by adjustment of the ratio - to obtain balance. 

A 


This method becomes unsatisfactory if the phase 
angles of the impedances being compared are unlike. 

A bridge arranged to measure both conductance and 
capacitance components of the unbalance between 
two admittances Y a and Y h is shown in Fig. 16. As 
illustrated, a special condenser is so arranged that 



capacitance C is added to one side and subtracted from 
the other simultaneously as the condenser is shifted 
from its neutral position. The effect can also be se¬ 
cured by an ordinary condenser connected alternatively 
from p or q to n. A similar arrangement balances the 
conductances. At balance the readings of C and r 
show the difference between the two admittances 
Y a and Y b . To obtain the ratio or percentage of 
unbalance it is necessary to measure Y a and Y b . 

The admittances of conductors sometimes depend 
on the condition of neighboring conductors. In the 
study of such cases the “direct admittances” are made 
use of. 2 The direct admittance between two con¬ 
ductors a and b is that admittance which obtains 
when all neighboring conductors are at the same poten- 

2. *See Bibliography No. 5. 
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tial as one of them. The dotted structure in Fig. 16 
shows a method of adjusting the potential of conduc¬ 
tors X to that of a and b, so that direct admittances or 
direct admittance unbalances can be measured. 



In the above discussion of the various bridges where 
ratio arms have been shown they have been indicated 
as resistances, according to the common practise of 
using nearly non-reactive resistance coils or slide wires. 
In cases where such ratio arms A, B are in adjacent 
branches, any two impedances having equal phase 
angles, such as for example, two condensers or two 

FIG. IS ADMITTANCE, UNBALANCE. 



Apparatus shown dotted cam be adjusted to eqiiate 

POTENTIAL OP OTHER CONDUCTORS ,X,TO THE POTENTIAL. OF 
a AND l» , BEING MEAS'URED. 


Fig. 16 

highly reactive coils can be substituted for such 
resistances, without altering the formulas. 

While the use of unequal ratio arms provides^ a 
flexible bridge and greatly increases its range, simplicity 
in calculation and the minimizing of errors due to 
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inexact realization of assumed conditions (for example, 
residual inductance or capacitance in assumed pure 
resistance coils) dictate the use of equal ratio arms 
wherever practicable. 

Several different types of sources of energy at 
frequencies over the range from direct current up to 
radio frequencies, or over parts of this range, are 
available. It is not attempted here to discuss these. 
Among such are the various forms of alternator with 
rotating armature or field, or of the inductor type, the 
singing telephone or "howler,” the microphone hummer, 
the Vreeland sine wave oscillator, and, most recently 
developed, the vacuum-tube oscillator. For a full 
discussion the reader is directed to references of the 
bibliography. 



The most commonly used balance detector is the 
telephone which has the advantages of cheapness, 
simplicity, and ample sensitivity for all ordinary 
testing. It is most convenient at frequencies of from 
about 300 to a few thousand cycles per second, though 
measurements can be made at somewhat lower fre¬ 
quencies with it directly. However, small higher 
harmonics in the wave from the energy source have 
so much greater a factor of audibility that a pure wave 
shape is needed. 

A method was developed many years ago to adapt 
the telephone to the direct-current Wheatstone bridge. 
This can be employed for measurements at very low 
frequencies. It consists of varying at an audible fre¬ 
quency the impedance of the balance detector circuit. 
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so that whenever any current of low frequency exists 
in this circuit it will be broken up into audible impulses. 
The early device was a toothed wheel interrupter. A 
modern method of achieving the same result is to con¬ 
nect a telephone transmitter in series with the balance 
detector telephone 3 . A telephone receiver, excited at 
an audible frequency, say 800 cycles is then used to 
operate the transmitter, thus varying the impedance 
of the detector branch. 

For frequencies above a few thousand cycles, the 
heterodyne principle common in radio practise can be 
employed, the telephone receiver in the balance detector 
position being energized also by an auxiliary source of 
such frequency that the beats between the measuring 
frequency and this auxiliary frequency are audible. 

Some forms of bridge, such as Figs. 2, 8, 7, etc. do 
not contain the frequency in the equation of balance. 
In practise this does not mean, however, that the bridge 
is simu ltaneously exactly balanced for all frequencies, 
because the resistances, inductances and capacitances 
usually change more or less with frequency. However, 
the tendency is toward balance, so that harmonics in 
the energy supply are not troublesome unless the wave 
shape is very poor. For other forms of bridge, such as 
Fig. 10, or any bridge that measures frequency, where 
balance is obtained by resonance, the bridge is definitely 
unbalanced at all frequencies other than the one for 
which the bridge is set. With such bridges punty of 
wave form of the energy source is important, as observa¬ 
tion of the silence point in a telephone receiver for one 
particular frequency becomes difficult or impossible 
as the noise from other harmonics is increased. 

To purify the wave-form supplied to the bridge a 
filter or wave screen is often of advantage. The 
simplest form consists of an inductance coil and con¬ 
denser in series with the energy source. It is also 
possible to resonate the detector circuit for the fre¬ 
quency under observation. 

For precise work and especially at low frequencies 
the vibration galvanometer has been very successfully 


3. See Bibliography No. 11. 
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used. It is a much more complicated and .delicate 
apparatus and is sensitively tuned to the frequency of 
the energy supply. 4 

As the frequency employed is increased the problem 
of guarding against current in the detector circuit, due 
to unbalances among the bridge arms and to ground, 
becomes more acute. To quote from Campbell: 5 

The difficulty encountered lies mainly in the direct capacity 
between the different parts of the system. . Since the ether per¬ 
mits the flow of alternating currents in all directions, the attempt 
to employ an ordinary balance for alternating measurements is 
much the same as the attempt to measure resistance with a 
Wheatstone bridge immersed in a conducting fluid, such as 
acidulated^water. 



Fig. 18— Effective Resistance, Reactance, and Capacit¬ 
ance ok Inductance 

Obtained by shunting condenser of 0.1 microfarad or inductance of 0.4 
henry by a variable resistance, -R 2 - 


For measurements at 1000 cycles and less this prob¬ 
lem is only important in the more precise measurements. 
A simple device which is of aid in this connection is 
to connect the energy source to the bridge through a 
transformer having its neutral point grounded. Simi¬ 
larly, the balance detector may be connected to the 

4 . See" Bibliography No. 1, 2 and Bureau of Standards 
Publication. 

5. See Bibliography No. 10. 




1762 


D. I. CONE 


[July 22 


bridge through a transformer. More elaborate 
arrangements are described in the literature. 

A number of references to books and periodicals are 
given below for the guidance of those seeking further 
information. 
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Discussion on “Bridge Methods for Alternating- 
Current Measurements” (Cone), Portland, 
Ore., July 22, 1920. 


W. A. Hillebrand: In any laboratory the problem 
continually arises of accomplishing results with limited 
apparatus available, which Mr. Cone has carefully 
recognized in his presentation. In one instance the 
writer was faced with the necessity of calibrating a 
millivolt meter with full scale reading of one tenth 
volt. The nearest available standard of reference 
was a 15-volt voltmeter, giving a ratio between lull 
scale readings of one hundred fifty to one, a single 
division on the larger meter being full scale_ reading 
on the other. However, by means of a bridge cir- 
cuit, using two resistance boxes of a type iouna m 
most laboratories and a small portable galvanometer, 
the comparison was quickly made with an accuracy 
far within the reading error of either instrument. 

W. D. Scott: Mr. Cone, in bringing to your 
attention Fig. 5, gave way to some of his own inherent 
modesty. He neglected to state it was through his 
investigation and effort that Fig. 5 became a possibility. 
It developed that he wanted to make measurements 
of frequency and was without adequate apparatus, 
so conceived the arrangement of equipment which 
would permit him to get frequency measurements 
with the apparatus at hand, and it resulted m a very 
beautiful and simple arrangement which has been 


shown in his paper. . , , 

These particular bridge circuits have great value to 
anyone in the telephone industry, particularly with 
reference to the one which Mr. Cone called to your 
attention as being generally used by telephone people. 
With the aid of this equipment we are able to make 
accurate locations of small irregularities m our long 
circuits; such, for instance, as short lengths of inter¬ 
mediate cable or insulated wire m open wire circuits, 
so that if by any chance any of this insulated wire 
has been put in these open-wire circuits we are able 
to locate the geographical distance from the sending 
end to this particular piece of open wire and determine 
how much difficulty we experience from the insertion 
of such things in our long lines. The equipment has 
generally become more useful in recent years through 
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the commercial development. This is particularly 
true with respect to the form of a-c. generator. Before, 
the devices which we had were not particularly portable, 
but now, through the use of the vacuum tube, we 
have a portable type oscillator of a comparatively 
generous output that can be earned around by two 
men and by using a tube as a generator and two tubes, 
as for amplification, it makes a very satisfactory device 
for taking this sort of measurement. . 

It is rather of interest to note generally that _ in the 
use of the a-c. bridge, particularly with the admittance 
measurement, that one has to be rather careiul in 
what you have. Unless the bridge is rather carefully 
shielded and carefully screened, the position of the 
observer or the position of the observer s hands will 
affect the balance; so that it is necessary m a good 
many instances to take particular pains with arms of 
the bridge in shielding them, as mentioned m Mr. Cone s 


H. V. Carpenter: I would like to ask Mr. Cone 
just what the situation is now in regard to getting 
resistances which are strictly resistances. Under 
most testing conditions a resistance is called a re¬ 
sistance if it is wound in the ordinary non : mductive 
fashion; but I imagine that when we get into these 
new frequencies, of a few hundred thousand cycles, 
that the resistance will have to be made with a very 

great deal of care. . 

If you notice the curve for Ri in Fig. 18 you will 
see that as you continue to add resistance to the cir¬ 
cuit, the effective resistance rises to a maximum and 
then decreases again. That is not very difficult to 
explain, but when you first strike that, it is rather 

startling. Co ne : A question has been raised as to the 
dependability of resistances at high frequencies. The 
manufacturers of high-grade apparatus supply re¬ 
sistances which show very little of either residual in¬ 
ductance or capacitance, at least for frequencies up 
to some tens of thousands of cycles per second. _ -liie 
Bureau of Standards has made a thorough study^ ol 
the problem and has prepared specifications covering 
the manner of winding the resistance coils so that 
these residual effects will be small. Description ol 
this work can be found in their publications referred 
to in the paper. 
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With respect to the bridge of Fig. 5, referred to 
by Mr. Scott, it should be stated that the develop¬ 
ment of this arrangement is primarily due to Mr. R. 
C. Mathes, with whom the writer was working at 
the time. 








Presented at the Pacific Coast Convention of 
the American Institute of Electrical Engi¬ 
neers, Portland , Oregon , July 23, IQ20. 


Copyright 1920. By A. I. E. E. 


POWER FACTOR CORRECTION ON 
DISTRIBUTION SYSTEMS 


BY D. M. JONES . 

Lighting Engineering Dept., General Electric Co., Schenectady, N. Y. 


Power Factor Correction on 
Distribution Systems 

P OWER factor is a characteristic of electrical energy 
which is being transmitted by an impressed 
alternating voltage and resultant alternating 
current whereby it is possible for the current to rise 
and fall in magnitude before, with or after, the equiva¬ 
lent rise or fall in the alternating electromotive force. 
Tied up with this relative timing of voltage and current 
waves (which make up one pair of the cause and effect 
twins of the electrical family) is much of the hope and 
grief of the distribution game. 

Development of Distribution 

The development of the art of distribution of elec¬ 
trical energy has been practically dictated by the 
developments in electrical energy producing and con¬ 
suming devices. The demand that distribution sys¬ 
tems cover over larger areas has forced higher dis¬ 
tribution voltages. The safety of the consumer and 
lower relative cost of manufacture in case of most 
small electrical power consuming devices has kept 
the mass of consumers’ services at a relatively low 
voltage. This conflict of requirements could only be 
adjusted by a practical pressure charging apparatus. 

The advent of the transformer as a device which very 
neatly did this work in a-c. circuits, easily gave this 
type of service a big lead in the distribution field. 
This lead was accentuated by the discovery of the 
principle underlying the induction motor and subse¬ 
quent production of this motor for general a-c. com¬ 
mercial motor service. 
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The ruggedness and simplicity of the electrical and 
mechanical design of both the wound-rotor and squirrel- 
cage types of this motor early caused it to be considered 
by the consumer a most satisfactory appliance for con¬ 
verting electric energy to energy of rotating motion, 
and this attitude has resulted in practical limitation 
of d-c. motors in industrial service to either those con¬ 
ditions where a-c. service was not available or to 
special applications where large speed variation was 
desired with relatively high torque at low speeds. In 
this latter field the d-c. motor is still pretty well en¬ 
trenched on account of its inherent ability, not only to 
meet the above conditions, but even to do so with 
relatively high efficiencies. 

Two notable exceptions to the above general tendency 
towards the use of alternating current, however, exist: 
The d-c. distribution networks covering the dense 
business sections of some of our largest cities; and the 
use of direct current in electrical traction activities. 

The d-c. network generally has a basic historical 
reason for existence. The natural place for first elec¬ 
trical lighting plants to appear was in the heart of the 
largest cities and as these first plants were all d-c., the 
distribution systems in these spots started as d-c. 
systems. When the a-c. generating station arrived 
there was so much d-c. equipment in operation in the 
section, that it was less of a convulsion to substitute 
converting devices for changing the a-c. power re¬ 
ceived from new central stations to d-c. power to fit 
the old equipment, than to change the whole system 
to a-c., that this solution was generally adopted. 
Another potent argument for the d-c. service in these 
congested sections was the fact that it could be backed 
up with a storage battery; (generally of capacity to 
carry full load for 15 minutes) which did away with 
the possibility of short failures of power with attendant 
danger to life and property in these dense sections. 
Now, however, (a) the improvement in reliability of 
a-c. distribution due to the improvement of general 
equipment and construction practises, and also to 
the development of automatic control features, (b) 
the relatively lower cost of a-c. distribution due to 
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absence of synchronous converters and storage batteries 
and reduction in quantity of copper required due to 
the fact that with a-c. distribution the power is gener¬ 
ally brought much nearer to consumer at the higher 
voltage; (c) the reduced upkeep and attention, due to 
absence of converters and batteries above mentioned; 
(d) and finally the habit a d-c. network has, when it 
once does go dead beyond the ministering aid of the 
storage battery, of going dead all over; have not left 
it in undisputed sway even here, but rather in the 
position where it must fight harder for its grasp on 
the situation with passing years; particularly, when 
it is a matter of determining the type of new 
installations. 

In the traction field the incomparable excellence 
of the d-c. motor, as compared with the a-c. type, 
has always kept most of the trolley wires of the world 
carrying d-c. power. This has not been without 
aggresive competition, especially in the realm of heavy 
haulage where the a-c. motor bids fair to divide the 
honors for a time. At present, however, the ultimate 
distribution of the electrical energy for traction pur¬ 
poses is increasingly done in d-c. form. 

Bad Power Factor a Dangerous Condition 

It is thus evident from the foregoing that power 
factor, being a characteristic of a-c. distribution, is 
a phenomenon, whose field of influence already is 
widespread; and it is broadening at almost a cumula¬ 
tive rate. The fact that the electrical energy delivery 
t eam (current and voltage) in an a-c. system have the 
capacity of doing more or less work for their size, as 
one might say, according to whether they pull together 
or not; suggests at once the advisability of seeing what 
can be done to get the most out of them. This advis¬ 
ability is accentuated by an appreciation of the fact 
that the capacity of the electrical end of generating 
equipments and distribution systems is based upon 
the size of “current” the “off-horse” of this team, and 
not upon the work the team accomplishes. And again, 
since the electrical losses throughout are dependent, 
not only upon the magnitude of the current value alone. 
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but even increase with the square of the current value, 
it is evident that in a large measure this animal also 
eats according to the size of his frame and not accord¬ 
ing to his productive activities. 

Its Relation to Capital Invested 
The fact that the load of power systems varies 
cyclically with the hours of the day and that the max¬ 
imum current demand for th^ day, in the past, has 
generally come with the evening lighting peak, which 
is an inherently good power factor load, has made 
many careless as to what the power factor of the lesser 
loads through out the day was, as the lighting peak 
had dictated the current-carrying capacity of the dis¬ 
tribution system. 

When this low power factor industrial load, which 
had generally been welcomed at a reduced rate as a 
filler of load curve valleys, began to demand the ex¬ 
penditure of money for distribution capacity due to its 
presence, beyond that which was demanded by the 
evening peak, it challenged attention to the seriousness 
of the evils of bad power factor from the economic 
standpoint. For example; the capital cost of a central 
station system beyond the generating station bus per 
kilowatt-hour delivered per year will vary over a range 
of approximately 2 cents for large dense installations 
to 12 cents for small extended distribution systems. 
Assuming 4 cents capital investment per kilowatt- 
hour delivered per year and 15 per cent interest and 
depreciation charge on basis of 90 per cent power 
factor at maximum current demand as a concrete case, 
the interest and depreciation on transmission and 
distribution systems per kilowatt-hour delivered will 
be 6/10 of a cent. 

If the power factor of maximum current peak were 
now arbitrarily lowered to 60 per cent and load re¬ 
mained the same, and assuming general transmission 
and distribution investment were increased propor¬ 
tionally with current increase, the interest and de¬ 
preciation per kilowatt-hour delivered for the year 
would be increased 50 per cent. The capital charge 
would now be 9/10 cent instead of 6/10 cent for each 
kilowatt-hour delivered; or an increase of 3/10 of a 
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cent in delivered cost of every kilowatt-hour, due to 
increased capital charge occasioned by the drop in 
power factor from 90 per cent to 60 per cent lagging. 
Such a saving would buy the coal under average con¬ 
ditions for some plants. 

Effect on Losses 

The increased PR losses with the change for the 
worse of power factor are often considered negligible 
and are admittedly difficult to reduce to the concrete. 

Let us consider however the copper losses in a 
three-conductor 250,000 cir. mil distribution cable 
carrying 60-cycle 15,000-volt three-phase power, which 
is a fairly representative condition. Assuming an 
average daily load curve on the cable with load factor 



Fig. 1 


of 53 Mi per cent and current of 200 amperes at evening 
peak, as shown on Fig. 1 with power factor varying 
from 90 per cent at peak to 60 per cent throughout day 
as shown by power factor curve on above mentioned 
figure we have the following results: 

Total kw-hr. per year delivered over cable 21,900,000. 

Total PR losses for year per mile 144,000 kw-hr. 
Or about 66/100 of one per cent of power delivered 
disappear in PR losses per mile of cable. If now the 
power factor of above assumed load were brought up 
to a constant value of 90 per cent throughout 24 hr. 
the above results are changed as follows: 

The PR losses per mile per year are reduced, to 88,500 
kw-hr. or about 4/10 of one per cent with a saving 
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in losses of about % of one per cent of power delivered 
per mile of cable carrying load under conditions as 
assumed. 

In these days when demand for electric energy is in 
excess of the available supply, the elimination of losses 
m eans additional power sold. On this basis the raising 
of the power factor of the load up to a constant value 
of 90 per cent and resultant reduction in losses of 
of one per cent per mile of cable would make available 
for consumers 55,500 kw-hr. per year for every mile 
of distribution cable in service under equivalent con¬ 
ditions. 

If this power were sold at 3 cents per kw-hr. a rev¬ 
enue of $1665.00 per year would be received per mile of 
cable for what under the first condition went into heating 
the cable. Furthermore, the power would have be¬ 
come available during the day load period when wanted 
as shown by shaded area on Fig. 2. 

Power Factor and Regulation 

Besides these primary evils of excessive capitaliza¬ 
tion costs and unwarranted losses, the secondary effect 
of bad regulation chargeable to bad power factor is 
in practical experience as serious as the primary evils. 

The demand for excessive generator excitation under 
lagging power factor conditions so thoroughly appre¬ 
ciated by operators, though strictly beyond the scope 
of this discussion, cannot be passed unmentioned. 

The excessive voltage variation produced in dis¬ 
tribution wires and cables and especially on trans¬ 
formers by conditions of bad power factor are facts 
both within our field and worthy of consideration. 
This voltage variation is aggravated by conditions 
of power factor not only by the fact of the unnecessary 
magnitude of current for given power transmitted 
but in the case of the average condition, where the 
power factor is lagging, the delay of the current wave 
behind the voltage wave tends to make the voltage 
induced in the reactance of the lines and transformers 
directly subtractable from the generated voltage, 
while in case of unity power factor condition, this 
voltage is in quadrature and has small effect on magni¬ 
tude of line voltage. 
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As an instance of this consider the average 60-cycle 
2300 to 220/110-volt type of distribution transformer. 
Such transformers are commonly produced with re¬ 
sistance of from 1 to 1 34 per cent and with reactance 
of 2% to Per cent over range of capacity from 1 to 
250 kv-a. or more. Full load on transformer of this 
type with say 1% per cent resistance and 334 reactance 
means a drop in voltage at unity power factor of about 
1.8 per cent of line voltage which at 0.7 power factor 
lagging becomes 3.7 per cent drop or a little over 
double what it was with the same current flowing in 
transformer as at unity power factor or nearly 3 times 



the drop that would have occurred in delivering same 
power at unity power factor. - v--"d %r- 

In the case of the substation transformer working 
between voltages from 6600 to 15,000 volts or more 
down to voltages of 4600 volts or less, a representative 
example may be considered to have 1.3 per cent re¬ 
sistance and 6 per cent reactance. Here the full-load 
voltage drop with unity power factor wouldTbe about 
1J4 per cent of normal voltage, while with the same 
kv-a. load on transformer and power factor of 70 per 
cent lagging the drop would become about 5.2 per cent 
or nearly 4 times its previous value, and about 534 
times more than would have occurred on basis of equal 
power transferred. It is fairly evident therefore, that 
transformers become vicious voltage “ir-regulators” 
with power factor variation even at constant load. 
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Sources of Bad Power Factor 

The review of these evils of bad power factor bring 
at once to mind the question of probable causes and 
available remedies for this condition. 

The Induction Motor and Power Factor 

Probably the most prevalent source of the trouble 
is found associated with the use of the induction 
motor. 

The use of too large a motor, resulting, it is regret¬ 
table to say, from a misapplication of good intentions, 
is a practise which has been one of the chief offenders. 
Past experience in selection of motive power of other 
than the electrical variety has taught the lesson of 
liberality in selection of capacity and this has natur¬ 
ally resulted in the same tendency in many cases in 
the selection of motor sizes. 

The seriousness of the result will be appreciated 
when it is remembered that the lagging magnetizing 
kv-a. on ageneral lineof 60-cycle induction motors, runs 
from 30 to 60 per cent of the full load kv-a. and holds 
practically constant in a given motor over whole load 
range. 

For example, consider an induction motor which at 
full load has a power factor of 85 per cent, at % load it 
will drop to 77 per cent power factor, at load it will 
drop to 62 per cent power factor, at M load it will 
drop to 38 per cent power factor. Inasmuch, as the per 
cent magnetizing current generally increases with 
decrease of rated speed and with decrease of h. p. 
rating, it is at once evident that the small induction 
motor which forms such a large proportion of total 
connected motor load, is probably one of the most 
vicious of the species. This is due not only to the 
fact of the inherent low power factor at full load; but 
more particularly to the fact that due to its small size; 
its installation is given very little engineering consider¬ 
ation and capacities are frequently poorly selected. 

This general condition has proved of sufficient prac¬ 
tical importance to power companies to have resulted 
in cer tain of them in the cotton and woolen mill dis¬ 
tricts of New England accepting the responsibility of 
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checking the customer’s motor installations in this 
respect. The result of these investigations has gener¬ 
ally been a more or less extensive overhauling by the 
customer of his motor installation for the purpose of 
operating all motors at better load factors, with re¬ 
sultant improvement in power factor highly satisfactory 
to both parties. 

The power company is able, by the change, to 
furnish better voltage regulation at the same load, 
and with diminished losses, or handle an increased 
power load over the transformer and distribution 
lines at no increased cost for gen mating equipment, 
transformers or distribution copper; while the customer 
finds himself with an improved drive and generally 
a few idle motors on hand, for emergency service or 
extension purposes, which were previously tied up on 
his lines. 

Activities in the industrial field which result as plainly 
in mutual good are highly inviting in these days of 
intensified group strife. 

The Transformer and Power Factor 

The same bill of complaint can be brought against 
the transformer though in a lesser degree, for this 
appliance also takes a constant lagging magnetizing 
kv-a. at a given voltage; but its magnitude is smaller 
than with the induction motor, varying from 1 to 15 
per cent of full load kv-a. as the higher percentage 
values of magnetizing current in general appear in 
power transformers, this larger lagging kv-a. in general 
is added to the over-abundance already being taken by 
the induction motors comprising the power load. 

That this magnetizing kv-a. of transformers is not 
entirely negligible in extreme cases may be seen from 
the following: 

A transformer with 15 per cent magnetizing current, 
carrying normal secondary load at unity power factor 
would take primary power at approximately 99 per 
cent power factor which would drop to 95)4 per cent 
power factor if its secondary load were reduced to one- 
half normal and to 85)4 per cent power factor if it were 
again reduced to one quarter normal. 
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Effect of Over-Voltage on Power Factor of 
Induction Motor 

Even the values of magnetizing current just given 
for induction motors and transformers may be mate¬ 
rially increased with the raising of the applied voltage 
above that for which the appliance is rated. 

Since induction motors when run at 10 per cent over¬ 
voltage may easily take a magnetizing current 20 to 
25 per cent in excess of that required, at normal voltage, 
it is evident that it is possible to find conditions where 
the disturbing effect of induction motors on power 
factor may even be much in excess of that previously 
delineated. 

Over-Voltage on Transformer in Relation to 
Power Factor 

With the transformer, the application .of over¬ 
voltage is even more serious than with the induction 
motor, in this respect, due to the lack of any air gap 
in its magnetic circuit. 

The pole type variety of this appliance, which is 
generally forgotten after once installed, and considered 
to be operating satisfactorily unless emitting smoke, 
though designed for low iron losses, will often sustain 
a 50 per cent increase of magnetizing current at 10 
per cent over-voltage which amounts to 55 per cent 
increase in lagging kv-a. taken by the appliance. 

The power transformer of larger size such as typically 
used for handling industrial customers who are supplied 
on separate feeders, or such as are installed in the 
power company’s substation for reducing, the higher 
distribution voltage to that of the substation’s feeder 
bus, is a much more serious offender than the pole 
type in matters of the above nature. Not only do 
they take a larger percentage exciting current at nor¬ 
mal voltage due to the fact that they are expected to 
operate at better load factor than transformers of the 
pole type, and, therefore, iron and copper losses are 
more nearly equalized; but also sustain a greater in¬ 
crease in this current with increase of voltage. In 
fact the magnetizing current may frequently double 
with 10 per cent increase in voltage above normal, 
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making the statements previously given on basis of 
normal voltage conditions much too conservative. 
It becomes apparent, therefore, that in some cases, 
transformers also can make themselves distinctly felt 
as destroyers of good power factor conditions. 

Miscellaneous Sources of Bad Power Factor 

Besides these causes of trouble, there must also 
be mentioned certain more specialized types of elec¬ 
trical appliances which inherently produce a low power 
factor load of which the bad power factor can only be 
corrected for, not provided against. Common ex¬ 
amples of these types are electric welding machines, 
arc furnaces and some types of heating appliances. 

The problem here, however, is a localized one of 
special nature, rather than a general condition and 
should be handled on that basis. 

A more unusual and unique condition is that occasion¬ 
ally found in systems where the transmission network 
is very highly extended in proportion to load carried 
by it, with the result that the capacity current taken 
by the lines is so large in proportion to the load current 
that bad power factor means a leading power factor and 
an induction motor becomes a corrective device. 
Such cases are not hypothetical, for there comes to 
mind such a system in the Middle West adjacent to 
one of the standard lagging power factor character¬ 
istics where considerable consideration has been given 
to interconnection whereby each would act as a power 
factor corrective device for the other. 

Synchronous Motor in General As A Remedy 
for Bad Power Factor 

In eliminating bad power factor at its source, a 
most valuable ally is the synchronous motor. This 
device has been on the market for twenty years or 
more; but until recently was considered so limited in 
its application, both on account of its torque char¬ 
acteristics and greater trouble in starting, due to the 
necessity of switching on field and synchronizing, 
which were wont to be considered as delicate operations, 
that it is probable that less than 5 per cent of the motor 
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horse power in this country today is of synchronous 
variety. 

Recently this motor has begun to come into its own 
due to steady improvement in its design characteristics 
and simplification of starting equipment, and also 
to increasing familiarity of operating public with this 
type of device. Slowly this motor has enlarged its 
usefulness until it now.may properly be given con¬ 



sideration on any constant speed application which can 
be han died by an induction motor. 

The fact that the synchronous motor has actually 
, been applied with good results to the drive of com¬ 
pressors, grinders, stone crushers, pumps, both centii- 
fugal and plunger blowers, steel and copper rolls, 
cement and rubber mills, flour mill rolls and line 
shafting in general, is concrete evidence of the fact that 
this motor has already covered a wide field in its ap¬ 
plication. 
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Unity Power Factor Synchronous Motor 
When operated without capacity for over-excitation 
of its field, this device takes energy at unity power factor 
and even then, in a real sense, is a power factor cor¬ 
rective device, for it relieves the system of the lagging 
kv-a. that would have been added by the induction 
motor and thus by the substitution, really furnishes 
corrective kv-a. to the system of probably 30 per cent 
of its normal rating. 

Synchronous motors of this particular type have 
recently become available in a consecutive line over 
approximate range from 50 h.p. at 1200 rev. per min. 
to 450 h.p. at 600 rev. per min. specifically designed 
to invade as far as possible, the field of motor application 
now held by the induction motor, with representative 
results for particular ratings which are very encour¬ 
aging, as to the future of the device. 

Referring to Fig. 3 and 4 giving comparative repre¬ 
sentative torque-speed and kv-a. input-speed curves 
respectively for standard synchronous motors, in¬ 
duction motors and unity power factor synchronous 
motors above mentioned, it may be interesting to 
note that with about 60 per cent as much kv-a. the 
recently designed unity power factor synchronous 
motor will easily duplicate the starting torque 
characteristics of the standard synchronous machine 
for motor-generator set service. Comparative in¬ 
spection of curves 2 and 2A, Fig. 3, giving relative 
torque characteristics of unity power factor syn¬ 
chronous and squirrel-cage induction motors when 
operated from 70 per cent voltage tap reveals the fact 
that the synchronous motor up to about 85 per cent 
speed delivers well above full-load torque and from kv-a. 
input curve 2, Fig. 4, it is evident that maximum 
input is approximately only 33^ times normal kv-a. At 
speeds above 85 per cent the torque characteristics 
of these two types are very similar. It is also entirely 
feasible at the 100 per cent torque, 85 per cent speed 
condition to throw full voltage on the synchronous 
motor when it would pass over to full-voltage char¬ 
acteristic and again take a maximum of about 3 M 
times normal kv-a. and develop a torque which would 
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not drop to the normal full-load value until 95 per cent 
speed were reached. From 95 per cent speed and 
full-torque condition it would then pull into step, by- 
application of the field. In other words, this last 
fact means that with motor at full-torque load and 
synchronous speed the field could be removed and 

Representative Curves. , . 

Synchronous and Inductive Motor (Squirrel Cage) 

Kva.Input - Speed-Characteristics 
60 cycle - phase Apparatus 



motor would drop to 95 per cent speed only and again 
pull into step with reapplication of the field. It is 
clear also from full-voltage curves, that the maximum 
torque of this type of synchronous motor is entirely 
comparable with that of squirrel cage induction types. 

Nevertheless it must not be considered that such 
a motor will handle any application which the in¬ 
duction motor, even of squirrel-cage design, can; for 
as a general thing the squirrel-cage induction motor 
will develop the comparative starting torque for a 
much longer time with the same temperature rise in 
the squirrel cage winding, than will the synchronous 
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competitor. Therefore, when the total amount of 
momentum to be stored up in rotating mass of the 
driven appliance, during starting cycle, is very large, 
it is possible to exceed the safe temperature limits 
of the starting winding in the synchronous machine. 

This class of load is apt to trouble even the squirrel- 
cage motor and, by the conservative, would be assigned 
to the field of the wound-rotor induction motor, which 
by proper selection of external resistance can be ar¬ 
ranged to give maximum torque at any speed up to 
full-torque speed and, due to considerable heating 
being in grids, external to machine, has capacity for 
maintaining large torque for comparatively long periods 
of time. 

Since the wound-rotor induction motor, due to higher 
cost, is generally reserved for installations with ex¬ 
ceptional starting duty requirements, or speed varia¬ 
tion capacity, it is not so general in its use and com¬ 
parative in its duty, as is the squirrel cage type. Due 
to this, in conjunction with the fact that the torque- 
speed and input-speed characteristics are functions of the 
starting resistance and result in an infinite series of 
curves to cover all possibilities, no attempt has been 
made to include the wound-rotor induction motor 
in the detailed comparison, though in some applica¬ 
tions, even this device can be supplanted by the 
synchronous machine. 

It is evident, therefore, that considerable relief 
from the extension of bad power factor in the future, 
should .be obtained by the increased use of the unity 
power factor synchronous at the expense of the induc¬ 
tion motor. This method of treatment is especially 
advantageous as it eliminates the lagging kv-a. of 
the induction motor that would have existed instead 
of correcting it after it has been added. 

Phase Modifier as a Power Factor 
Corrective Device 

Another method of bad power factor elimination 
which is better known in European practises than 
with us, is the use of the phase modifier. This scheme 
is practically that of furnishing an exciting voltage of 
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proper magnitude, frequency and phase relation to the 
rings of the wound rotor induction motor, the power 
factor of which it is purposed to raise. The limita¬ 
tions of this device from an engineering standpoint 

are due to the facts: _ 

(1) That it is impractical to use with a motor which 

is frequently started. 

(2) That the amount of correction is dependent 
upon the design and also load on the induction motor, 
is unsusceptible of variation at will, is practically 
limited by relative cost of modifier to corrective 
necessary to bring the induction motor load to unity 
or less. 

(3) That it is not operative without the induc¬ 
tion motor. 

(4) That it is applicable only to constant speed, 
non-reversable, wound-rotor induction motor. 

(5) Finally that the scheme necessitates an 
additional machine either driven separately or by the 

induction motor. . .. 

The commercial possibilities of the device lie m 
offsetting the cost of the additional machine, by the 
saving in cost of the induction motor designed for 
high iron densities and resultant high magnetizing 
current, and by the capitalization of the increase in 
power factor obtained by modifier over what would have 
been obtained from standard designed induction motor. 
The fact that the standardized factory production 
methods of the country make it very difficult to lower 
induction motor costs by deviation from standard 
design, may possibly account for the limited exploita¬ 
tion of this method of power factor correction within 
our own field. 

Over-Excited Synchronous Motor as Corrective 
Agency 

With the application of the synchronous motor, with 
ability for over-excitation to a system, corrective capac¬ 
ity can be obtained for bad power factor conditions 
already existing in amounts variable at will up to the 
limits of the machine and in a very economical way. 
This fact is evident when it is remembered that the 
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additional corrective kv-a. of the motor does not add 
directly to the load kv-a. with the result for example, 
that a motor having a rating of 80 kv-a. at unity power 
factor would have a rating of only 100 kv-a. at 80 per 
cent leading and yet would add to itself a power factor 
corrective capacity of 60 kv-a. That is to say, by 
increasing the machine rating 25 per cent above unity 
power factor rating, a corrective capacity is obtained 
equal to 75 per cent of the original rating of the machine. 

Wherever, therefore, it can be arranged to use a 
synchronous motor for power purposes, it can be 
selected to furnish a considerable amount of corrective 
kv-a. at a very low first cost and operating expense, as 
the major portion of both is chargeable to the power 
load. 

A notable example of the application of this principle 
is found in the use of the synchronous motor-generator 
set in the substation. Where there is a combined 
demand for direct current, generally for traction pur¬ 
poses, and for a-c. energy localized around one sub¬ 
station, it is very convenient to obtain the direct 
current from the generator of a motor-generator set 
and power factor correction for a-c. load from syn¬ 
chronous motor of the same set. 

Although the 60-cycle railway converter both as a 
normally and automatically operated device is on firm 
ground as a satisfactory piece of electrical equipment, 
the motor-generator set on account of relatively large 
capacity for power factor correction is a very active 
competitor of the synchronous converter in many 
cases and lends itself admirably to any demand for 
automatic control. 

Synchronous Condenser as a Power Factor 
Corrective Appliance 

When the demand for over-excitation on a syn¬ 
chronous motor is pushed to the limit and becomes 
entirely dominant in the design, we have the syn¬ 
chronous condenser, which is a motor to the extent 
only of revolving itself and a provider of leading 
corrective kv-a. to practically its total rating. 

The adaptability of this machine is very high as can 
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be illustrated by the fact that it is made in voltages 
from 220 or below to 13,000 volts or better in sizes 
from approximately 100 to above 30,000 kv-a. 

The secondary effect of the variation of voltage 
drop, due to changes in power factor, has so often 
been made use of in connection with the synchronous 
condenser, that it is often used primarily as a voltage 
regulator. It lends itself admirably to this purpose 
as the excitation of the condenser can be automatically 
controlled so that by thus varying the power factor 
of the line, constant voltage can be held within the 
limits of the capacity of the machine. The condenser 
may even be arranged to place itself on the line and 
take itself off again as need for it is evidenced by the 
value of the line voltage; or even as determined by 
the dictates of a time clock. 

The disadvantage of synchronous condensers lie in 
the fact that there is no power output which can be 
called upon to share the cost and operating expense 
with the power factor corrective capacity and these 
factors therefore, mount rapidly as compared with the 
synchronous motor situation. As a power factor cor¬ 
rective device only, it is, however, easily the leader in 
general usefulness and without it large problems of 
a-c. distribution and transmission would be difficult 
of solution. 


Static Condenser 

One of the newer agencies for power factor correction 
which overlaps in its field of application, the low 
capacity end of synchronous condenser territory, is 
the static condenser which is nothing more than the 
commercial application of the “Leyden Jar” to the 
problem of power factor correction. 

As compared with the synchronous condenser, it 
has the following disadvantages: 

(1) Is practically of fixed capacity as operated. 

(2) C orrective capacity is leading only, not leading or 
lagging as desired, as with synchronous condenser. 

(3) Takes more floor space per kv-a. 

(4) In large sizes costs more per kv-a. 
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These shortcomings far from remove its usefulness, 
as it has the following outstanding qualities of merit. 

(1) Very low losses (1 to 2 per cent, while syn¬ 
chronous condenser losses vary from approximately 
10 per cent to 3 per cent with increase of size). 

(2) No rotating parts, therefore, no lubrication costs, 
no bearing wear and no noise. 

(3) Less attendance. 

(4) Easier to put on or take off line—accomplished 
simply by closing or opening an oil circuit breaker. 

(5) Operates at low temperature rise and, therefore, 
does not heat up operating room as much as a syn¬ 
chronous condenser. 

The limits of the field of application of this type of 
apparatus in competing with the synchronous con¬ 
denser, are for practical purpose those of economic 
balance and not those of design, for the static con¬ 
denser can be furnished in any capacity by continued 
multiplying of condenser sections. The practical use¬ 
fulness of the static condenser can be best exemplified 
by the fact that there is today in process of manufac¬ 
ture a total kv-a. capacity, equal to the total capacity 
produced over the whole eight or nine-year period of 
its manufacture. 

Power Factor Corrective Engineering 

Having arrived at the conviction that power factor 
correction is generally a thing to be attempted it 
might be worth while to point out that the sane way 
to go about it is: 

First—To locate its causes. 

Second—Remove the causes insofar as practical. 

Third—If correction is still needed, install corrective 
devices as near the source of bad power factor as 
possible, limited by the economic fact that power 
factor corrective devices cost, more per kv-a. in small 
units. 

The limit to which correction should be carried may 
be arbitrarily set: 

(1) By voltage regulation requirements. 

(2) By balance of yearly value of savings against 
yearly cost of correction. 


1786 


D. M. JONES 


[July 23 


(3) By economic balance as described under (2 
supplemented by power factor penalties and bonuse 

(one or both) in power rate. . 

(4) By necessity of carrying more power ove 
available distribution lines irrespective of economic 

(5) Or even, by condition that has recently risen 
in the East, when for lack of available power, customers 
were limited by power companies to a certain kv-a. 
demand. In such a case, it was found advisable for 
certain customers to correct the power factor absolutely 
up to unity, so critical was the need for the additional 
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nower The urgency of the case can be better appre¬ 
ciated when it is remembered that ^v^onoi^ 
10 ner cent of load kv-a. in power factor corrective 
kv-a. to load, with an initial powerf actorofTO Percen 
the reduction in load kv-a. would be about 7/2 P 
«nt of original kv-a. load. By addition of successive 
amounts of corrective kv-a., 10 per cent addition at 
80 per cent power factor condition would re uce* v-- . 
bv about 5 X per cent of original kv-a., and last 10 
per cent necessary to bring load up to unity power factor 
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would effect a reduction in load kv-a. of only 8/10 of 
one per cent of original kv-a. 

Analysis of the Cost of Different Power 
Factor Corrective Devices 

The final question in this situation is sure to be, 
“what will it cost?” and some general facts on this may 
be fittingly considered. 

Referring to Fig. 5 for approximate information on 
60-cycle motor prices—curve No. 1 gives price per horse 
power of 80 per cent power factor synchronous motor 
complete with exciter and starting equipment in 
capacities ranging from 50 h.p., 1200 rev. per min. to 
450 h.p., 300 rev. per min. 

Curve No. 2 furnishes equivalent information on 
wound-rotor type of induction motor complete with 
starting equipment in sizes 50 h.p., 1200 rev. per min. 
to 250 h.p., 600 rev. per min. and continues in curve 
No. 5 over a range from 250 h.p., 450 rev. per min. to 
450 h.p., 300 rev. per min. 

Curve No. 3 covers the unity power factor syn¬ 
chronous motor complete with exciter and starting 
equipment, over range from 50 h.p. and 1200 rev. per 
min. to 450 h.p. and 300 rev. per min. 

Curve No. 4 represents prices of induction motor, 
of squirrel cage variety complete with starting equip¬ 
ment, in ratings from 50 h.p., 1200 rev. per min. to 
250 h.p., 600 rev. per min. which continues in curve No. 6 
over range from 200 h.p., 450 rev. per min to 450 h.p., 
300 rev. per min. 

Using the above price curves as a basis supplemented 
by assumption of 30 per cent exciting kv-a. for induc¬ 
tion motors throughout, we have Fig. 6 on which 
curve No. 1 represents the power factor corrective 
kv-a. that would be added to systems by substitution 
of a unity power factor synchronous motor for induc¬ 
tion motor of same rating, plotted against the motor 
rating. 

Curve No. 3 represents the power factor corrective 
kv-a. obtained by similar substitution of 80 per cent 
leading power factor synchronous motor. 

Curve No. 2 shows price per kv-a. of power factor 
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corrective capacity obtained against the size of each 
of the two motors wherein substitution was made in 
case where unity power factor synchronous motor 
was used as a substitute for squirrel cage induction 
motor, while curve No. 4 gives equivalent information 


Power Factor & price per corrective Kv-a. Curves Fig. No.6 
based on Curves on Fig. No.5 

Curve No.l = B.F. corrective Kv-a. -obtained by substituting 
Unity P F. Synchronous Motor for Induction Motor (Squirrel Cage 
type) (30% exciting Kv-a. assumed)plotted against H.P. of Motors 
considered 

Curve No.2 = Initial cost per Kv-a. of P.F. corrective Kv-a. 
plotted against H.P. of Motor from which it was obtained 

Curve No.3 - Same as Curve No.l except 80% Synchronous 
Motor was assumed instead unity P.F. Motor 


Curves No.4 & 5--Initial cost per Kv-a. of P.F. corrective 
Kv-a! plotted against H.P. from which it was obtained 
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in case 80 per cent power factor leading synchronous 
motor were substituted. 

I Curve No. 5 continues the comparison over a range 
from 250 h.p. at 450 rev. per min. to 450 h.p. at 300 
rev. per min. 

The comparison fails in this range for unjty power 
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factor size motor, as it probably wall not cost more 
than the induction motor of squirrel cage type. 

The interesting fact becomes evident that in case 
either substitution is practised the price per power 
factor corrective kv-a. obtained is about the same for 
a given motor size although of course the total amount 
obtained is approximately three times as much with 
80 per cent power factor motor as with unity power 
factor variety. The choice of type of synchronous 
motor will therefore be made on the basis of relative 
characteristics and amount of corrective kv-a. desired. 

In Fig. 7, we have a comparison of price per kv-a. 
of obtaining power factor corrective kv-a. by the 
several methods. 

Curves 1, 2, 3 and 4 give price per kv-a. of static 
condensers complete for voltages of 220, 440, 550 and 
2200 respectively; the variation in price being accounted 
for by the fact that the condenser voltage in 200, 440 
and 550-volt instances is reduced by an auto-trans¬ 
former to meet rated voltage, and the greater the re¬ 
duction, the greater the auto-transformer price per kv-a. 
of static condenser. 

Curve No. 5 represents the price per kv-a. for 60- 
cycle, three-phase size condenser complete with exciter 
and starting equipment and it should be noted that 
for small sizes even the initial investment is less for 
the static condenser. 

Curve No. 6 shows price per power factor corrective 
kv-a. obtained by substituting unity power factor 
synchronous for squirrel cage induction motor, plotted 
against the amount obtained over the range of motors 
50 h.p. to 250 h. p. giving a maximum of approximately 
65 kv-a. 

Curve No. 7 brings out the cost per power factor 
corrective kv-a. obtained by substitution of 80 per 
cent power factor synchronous motor for squirrel cage 
induction motor over range 50 h.p., 1200 rev. per min. 
to 250 h. p., 600 rev. per min. giving a maximum of 
about 223 kv-a., and curve No. 8 continues this 
information over motor range from 200 h.p., 450 rev. 
per min. to 450 h. p., 300 rev. per min. reaching a 
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maximum available power factor corrective kv-a. of 
approximately 400. 

A casual observation of these curves should con¬ 
vince one of the advisability of using the substitution 
method of obtaining power factor corrective kv-a. to 
the extent that it is possible of application. „ , 

|A,The limitations of the substitution method are 
obviously due to necessity of disposing of replaced 
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Curve No.2. covers Static Condenser complete including auto - 
.transformerfor 440Volta. 
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induction motor at no loss to comply with the assump¬ 
tions. In case of new installations, this is entirely 
applicable; in other cases, the prices given must be 
increased to cover loss, if any, on replaced motor. 

The difference between curves No. 6 and No. 7 
should not be misconstrued. From curves it would 
seem that a cheaper way to obtain given corrective 
kv-a. can be found with the use of unity power factor 
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motor in substitution game, than by the use of 80 per 
cent power factor type. It should be remembered 
that to get the same amount of correction as can be ob¬ 
tained by substituting a 100-h.p. 80 per cent power 
factor synchronous motor for a squirrel cage induction 
motor, it would be necessary to substitute a unity 
power factor synchronous motor for an induction 
motor of about 350-h.p. rating. As the cost per 
corrective kv-a. goes down with increase in size of 
motors considered, it is seen that the conditions above 
stated are not justly comparable. It is much better 
to remember that for a certain motor in question to 


i 
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be substituted the price per corrective kv-a. obtained 
with either type of synchronous motor is about the 
same but the amount is greater with the 80 per cent 
power factor type. 

There has been no attempt to include the capitaliza¬ 
tion of the difference in efficiencies of the two general 
types, viz. synchronous and induction motors. • It is 
probable that the synchronous variety would have 
the better of it by 1 to 2 per cent at full load and add 
something more to the reasons for the change. 

When no more relief can be obtained in the battle 
against bad power factor by procedure above outlined, 
the synchronous and static condenser become the 
logical subjects for consideration. 

Here the relative efficiencies are at so great a vari¬ 
ance that an analysis on the basis of yearly expense 
composed of capital charge, to cover interest on pur- 
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chase price of apparatus and depreciation of same, 
plus losses at a price per kw-hr. must be made. 

Referring to Fig. 8 will be found such a comparison 
for synchronous and static condensers over rating from 
60 to 1000 kv-a. and standard voltages of 220, 440, 550 
and 2200 volts. Each equipment is charged in each 
respective capacity with 20 per cent of first cost, as 
capital charge per year and to this has been added the 
losses on basis of full-load operation for 3500 hours 
per year at % cents per kw-hr. 



Condenser Capac/ty M'A. 

Pig. 9 


On this basis it will be noticed that the static con¬ 
denser in lower voltages is the cheaper device to own 
and operate in sizes approximately 500 kv-a. and 
below, and in case of 2200-volt apparatus the static 
device maintains its superiority up to capacities of 
about 1000 kv-a. If it were more reasonable to 
assume 24 hours per day operation on all days except 
Sundays and holidays as an equivalent basis of com¬ 
parison and leave other assumptions untouched, re¬ 
sults will be obtained as shown in Fig. 9 when the 
range of superiority of the static condensers may be 
said to have been increased 50 per cent making thereby 
the static device cheaper, in lower voltages in capaci¬ 
ties of 750 kv-a. and below, and at 2200 volts in capaci¬ 
ties well above the 1000-kv-a. rating. 
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Thus for cases where the condenser capacity is 
needed in amounts of approximately 750 kv-a. or less 
with a certainty of pretty constant operation and no 
demand for automatic voltage control, it is well to 
remember the static condenser as a worthy competitor 
of the synchronous device. 

Conclusion 

There is right now a peculiar pertinence to a review 
of a field so full of possibilities of reduction in delivered 
cost of electric power. Civilization’s hope of the 
future lies in man’s growing ability to produce per 
unit of time with resultant reduction of cost in terms 
of unit wage. Man’s greatest aids in this battle are 
machines and power; which is growingly electric power. 

Thus the delivered cost of electric power is becoming 
incorporated more and more widely into the cost of the 
necessities of life which is making the cost of electric 
energy a question of universal interest, and the engineer, 
if he maintains his expected measure of usefulness, 
must analyse his power producing and distributing 
plant today as never before, with the hope of new sav¬ 
ings not only for his own and employer’s good, but 
for general good as well. 

It is hoped that the foregoing general facts may be 
fruitful to you in ideas which may aid in the broad 
problem before us all. 
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Discussion on “Power Factor Correction on 
Distribution Systems” (Jones), Portland, 
Ore., July 23,1920. 

J. E. Woodbridge: When you read Mr. Jones’ 
summary of the various things that will reduce power 
factor, it is a wonder that we have any power factor 
left, especially as he has not really told the whole 
story. Consider a transmission system. We generate 
our power in hydroelectric plants, if we are lucky; 
and then we proceed to step it up in one bank of trans¬ 
formers, and we transmit it somewhere and step it 
down to a secondary transmission voltage—two banks 
of transformers. Then we take it along to another 
substation and transform it down to a distribution 
voltage—three banks of transformers. Then we take 
it further and transform it again to the consumer’s 
voltage—four banks of transformers, each with the 
magnetizing current Mr. Jones has told us about and 
each with another element that he has not told us about 
that comes in under load, and that is the drop due to 
imperfect interlinking of the magnetic circuits of prim¬ 
ary and secondary, giving a series reactance. Our 
lines also, as soon as we load them, introduce a re¬ 
active element, which piles up still more lagging kv-a.; 
and of course the same is true of the motors as Mr. 
Jones has pointed out. 

It is unfortunate that we have gotten in the habit of 
looking at this matter from the point of view of power 
factor. If we looked at it from the point of view of 
reactive factor we would see the serious side of.it much 
more clearly. It takes a lot of reactive factor to give 
an appreciable effect on the power factor. For example 
it takes 14 per cent of lagging load to reduce the power 
factor one per cent from unity to 99. We are in the 
habit of thinking that 99 is about as good as unity. 
Well, it is pretty good, but it means a 14 per cent 
reactive load which, though it does not affect the heat¬ 
ing very much, has a very serious effect on regulation. 

W. J. Davis, Jr.: There is one point that Mr. 
Jones might have emphasized, namely -the important 
part that the synchronous condenser has played in the 
increased use of 60 cycles as a standard frequency for 
power transmission. When we investigate the feasibil¬ 
ity of transmitting large quantities of power over long 
distances, requiring a transmission potential of 100,000 
or 150,000 volts, we find that in many cases, the line 
regulation at frequencies as high as 00 cycles becomes 
inherently too poor to prove acceptable or satisfactory 
for power and lighting requirements. This condition 
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is due to the high line reactance and heavy charging 
current at this frequency and the poor power factor 
of the load obtaining on systems supplying power for 
industrial purposes. By the proper use of synchronous 
condensers the line regulation of these large high- 
voltage systems may be made to successfully meet the 
most stringent requirements. Indeed, the experience 
with high-voltage long distance transmission lines using 
a frequency of 60 cycles with synchronous condensers 
at the receiving end has been that the service given 
to the consumer has been very much improved. 

When the conditions of quantity of power and dis¬ 
tances of transmission are such as to require the use of 
very high voltages, say 150,000 or greater, the use of 
synchronous condensers also permits the use of smaller 
units in the power plants than would otherwise be 
required. In the proposed Pitt River development of 
the Pacific Gas & Electric Company for example, the 
charging current of the transmission line is calculated 
to be about 45,000 kv-a., which is beyond the 
economical capacity of a water wheel and its generator 
in the power plant, necessitating the use of a generator 
very much larger in capacity than the prime mover, or 
requiring a complicated arrangement for throwing two 
units together in getting on the line. By the use of a 
suitable synchronous condenser at the receiving end 
of the line or some other suitable location, the size 
of the units at the power house may be reduced to 
that which will prove most economical as fixed by the 
quantity of water available and the head under which 
the water wheel must operate. 

L. T. Mervin : The paper points to a matter which 
I am sure is of extreme concern to all utilities. All 
of us have low power factor, and most of us of a dis¬ 
tressingly low value, and we are all greatly concerned 
as to how to correct it. Low power factor requires 
increased investment over and above that necessary 
for the production of the energy actually delivered, 
and the question in the minds of all of us is, not merely 
shall we pass the burden of this increased investment 
on to the consumer, but how shall it be done. I had 
hoped that the paper would dwell somewhat on sug¬ 
gested methods of charges, tariff rates, etc. Occasion¬ 
ally articles do appear in the technical journals bearing 
on this point, and there have been recently a number 
of valuable suggestions, but so far no proposition has 
been advanced that is broadly applicable to the problem 
so far as I know. If there are any here who have, in 
their own judgment, arrived at some satisfactory power 
factor clause in their power contracts, I, for one, would 
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be very grateful if they would expand somewhat 
on their method and tell us how satisfactorily it has 
worked. There are two broad phases of the power 
factor question that must be faced by each utility, 
one the purely engineering aspect of construction and 
operation, the other concerns the economics of the 
problem. 

On the operating end our experience shows, in the 
Company with which I am connected, that we get 
more intelligent system operation and voltage control 
by the operators themselves if we have no power 
factor meters at all on our switchboards, but substitute 
instead reactive component meters, which we find much 
more valuable from an operative standpoint. Using 
the rather loose technical term of “magnetizing cur¬ 
rent” for the reactive component, and marking upon 
the double scale of the instrument ’‘Incoming” and 
“Outgoing,” the operator is not bothered with the 
thought of whether the power factor, on a tie-line for 
instance, is “leading” or “lagging.” His main concern 
is the direction of the flow of this magentizing current 
and the method of placement throughout the system 
by voltage control. 

The operator soon comes to realize that under fixed 
load conditions on the system the quantity of magnetiz¬ 
ing current required is also fixed and all that he can 
do through voltage control is to shift the burden of 
magnetizing current supply as between the various 
synchronous units on the system. I frequently use 
the term “system power factor.” In using this term 
I realize I run the risk of criticism by the technical 
purist. It is a convenient term for the lack of a better, 
and merely means the arrival at the well known ratio 
of the power triangle by using the total kilowatts 
generated on the system, and the total magne tizin g 
current also on the system, as shown by wattmeters 
and reactive component meters. The shifting of the 
burden of magnetizing current is very readily handled 
over transmission and tie lines by the station operators 
on observing and studying their reactive component 
meters. 

On the economic side the broad problem is to shift 
as much of the burden of poor power factor that would 
otherwise be imposed upon the power system onto the 
consumer by requiring him to supply the magnetizing 
current of his own load or paying the power company 
for carrying the burden through properly designed 
tariffs. I feel that even were the power company 
adequately paid under his tariffs for the investment 
required to carry magnetizing current, sound economics 
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of the question are not then totally satisfied. It is 
an economic waste to the utility itself to have to sacrifice 
generating capacity for the production ' of reactive 
power. 

H. J. Ryan: I want to join with others in emphasiz¬ 
ing the importance of this paper and the suggestion 
made by Mr. Woodbridge. Power factor is the ratio 
of real power to the total volt-amperes; inductive 
factor is the ratio of the volt-amperes consumed in¬ 
ductively to the total volt-amperes; correspondingly 
condensive factor might mean the ratio of the volt- 
amperes consumed condensively, i. e. by a static or 
synchronous condenser, to the total volt-amperes. 
These things are of the highest importance in trans¬ 
mission and distribution. In most respects as a 
practical proposition they are simple and not complex. 
We should know them by a few simple terms. We 
should form and maintain the habit of using such 
terms often. In delivering 600 kw. to an induction 
motor driven factory at a power factor of 60 per cent 
it is necessary to mobilize along therewith 800 
induction-reactive kilovolt-amperes. There is herein 
a psychological matter of real importance. The habit 
of quoting only the power factor was formed years ago 
to meet the need of keeping in mind the kilovolt-ampere 
loading capacity of machinery and auxiliaries in rela¬ 
tion to the kilowatts employed. Now-a-days, as the 
present paper abundantly demonstrates, voltage regu¬ 
lation and distribution require due attention with 
respect to the reactive volt-amperes in circulation. 
Frequently in these respects such reactive volt-amperes 
are more controlling than the accompanying kilowatts. 
If we bear in mind that in certain essentials the in¬ 
duction factor is_ of greater importance than the 
power factor and if we use the factor as often as we 
should those who control the disbursement of funds 
will be as willing to authorize the purchase of inductor 
factor as of power factor meters. 

R. F. Hayward: With reference to the question 
whether we should talk about power factor or reac¬ 
tance factor, I want to see a meter that throws on a 
screen in sight of the operator the actual vector dia¬ 
gram showing the angles of phase displacement. It is 
easier to train operators through geometrical pictures 
than in any other way; and if you could only produce 
an instrument that would flash vector diagrams on a 
screen, I think it would be a tremendous help, in 
regulating generators. 

We have a case in our power plant at Stove Falls, 
where we are supplying one line of transmission to 
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the Puget Sound Traction Light & Power Company at 
Bellingham and the other line goes into Vancouver. 
Bellingham sometimes wants a voltage which varies 
differently to the voltage requirements at the Van¬ 
couver end, and we have no means at that station of 
independently regulating the voltage without putting 
the two lines on different generators, which would be 
uneconomical. Consequently we occasionally have, 
simply through means of excitation, to create an other¬ 
wise unnecessary voltage drop on the Vancouver 
transmission line in order to keep the voltage correct 
on the Bellingham line. The simple correction of 
course would be a regulator placed on the Bellingham 
line, but the regulator itself would cost between 
$10,000 and $12,000 installed, which is one third of 
the original cost of the generators. That is only one 
case of power factor correction. 

I admit that I have needed education in the matter 
of power factor, for this reason: Starting very early 
in supplying power it was always impressed upon me 
that the power company’s business was' to give the 
service to the customer in the way in which the cus¬ 
tomer wanted to use it. Now those were early days. 
Our first motor installation in Salt Lake City was for 
the cement works, which we operated with a synchro¬ 
nous motor, and that being an old time synchronous 
motor; was possible only because we had a large 
clutch on the pulley for starting purposes. 

Now there are very many mechanical installations 
where it is not at all necessary to have a heavy load 
for starting, and where a clutch is perfectly satis¬ 
factory; and therefore the synchronous motor can be 
used very much more than we usually realize. 

To revert to my ideas, of the power company pro¬ 
viding, for all of these things, at first it used to seem 
to me it was up to the power company to put in trans¬ 
formers that were big enough, and lines that were 
big enough to provide for low power factor and start¬ 
ing current in order to be sure that the power user 
got his power in good shape. That was in the days 
when we didn’t know much about power costs. But 
as one studies power costs, the other phase of the situ¬ 
ation becomes apparent and shows how vitally im¬ 
portant it is to keep power factor corrected at every 
possible point. As a practical point, all air or ammonia 
compressors are a most valuable help, because they 
can be driven by synchronous motors, and usually 
run continuously. 

Contracts made in Canada with the big grain ele¬ 
vators generally provide that the elevator-operators 
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shall correct their own power factor. The grain ele¬ 
vators are always heavily over motored, and the power 
factor is consequently low. 

With respect to Mr. Merwin’s question as to con¬ 
tracts, I can only state what is our practise in Van¬ 
couver. For any power factor between 80 and 100 
per cent the customer pays only on kilowatts; if he 
goes below that his demand is computed as 80 per 
cent of the maximum kilovolt amperes. 

H. T. Plumb: In many localities the power com¬ 
panies have been very negligent in the matter of giving 
their customers encouragement in keeping their power 
factor high. They have been in fact nearsighted in 
the matter; and now they are reaping the reward, and 
are trying to get out from under what is really their 
own fault. Some of their customers have been far 
more long headed than they have, for which these 
can be thankful now that the power companies are 
waking up and are beginning to penalize low power 
factors with higher rates. On the other hand, most 
consumers have been small consumers. They have 
not taken the time or thought to inquire into matters 
of power factor. They have been ignorant, and they 
have over motored, in other words, used motors that 
were too large. That is true especially of small users. 
Some of the larger consumers who have had electrical 
engineers on the job have realized the errors of using 
motors that were too large for the applications and have 
kept the size of the motors down and overloaded the 
motors, and they have done well except that they 
have also gone to extremes. In many cases the people 
who were careful to keep their motors not too large, 
have used too high a voltage on the motor, and if 
they would take pains to put a power factor measure¬ 
ment on that motor, they would find that they had a 
big magnetizing current due to the extremely high 
voltage. So they made an error which they were 
not looking for in trying to avoid the other. 

In the intermountain region there are a number of ap¬ 
plications made of synchronous motors. In the first 
place, we have many irrigation districts where much 
water is to be handled with low head pumps, low-speed 
motors therefore. We have been putting in, in every 
case where we could, synchronous motors, and they do 
the work most beautifully. In very low speeds they 
are even cheaper to buy than induction motors, and 
except for a little fear on the part of operators they 
are easily handled as induction motors. In fact, 
we have some synchronous motors installed on pumps 
where there are no meters, no field rheostat handles, 
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and the outfit is started by an ordinary compensator 
the same as an induction motor. The operator him¬ 
self may not know the difference when he starts up 
one of these synchronous motors and throws it on the 
line. - Excitation is fixed at the proper point where 
it will give him the proper power factor. 

I am sure besides low head pumping there are very 
many other places where synchronous motors could 
be introduced to very good advantage, not only to 
the consumer but especially to the power company. 
We have tried in connection with mine haulage to in¬ 
stall motor-generator sets with a synchronous motor 
for that reason. The coal cutting machines are driven 
by induction motors; the tipples are driven by induc¬ 
tion motors; and all those loads of course, have lagging 
power factor. By putting in synchronous motors on 
the mine haulage motor-generator sets we are able 
to correct the power factor and give each mine a very 
good power factor on the average. That applies espe¬ 
cially to the coal mining districts, but also to metal 
mining localities.. On the power companies" long 
distance transmission lines svnchronous condensers are 
used for regulation. The scheme used by the Utah 
Power & Light Company in transmitting over their 
130 kv. line from Idaho to Salt Lake is to maintain a 
constant generator voltage at the generators in Idaho 
and deliver a constant voltage at the bus bars in Salt 
Lake by means of synchronous condensers whose ex¬ 
citations are controlled automatically by Tirrill regu¬ 
lators. This is found to be the most flexible way to 
work and the generator voltages practically never are 
changed except on the fourth of July or at some such a 
time when the big metal mills drop their loads. In 
passing I might state that some of these metal mill loads 
have an average yearly load factor of ninety per cent. 

Other instances might be of interest. A large lumber 
mill m Idaho had a water power plant for driving their 
motors. Their center of distribution was about a 
thousand feet away from the power plant and they 
had gotten to the limit of voltage; they had 440-volt 
motors and they could not get more than about 370 
volts on any of these motors because this thousand 
feet of transmission line was built of bare wire spaced 
so far apart that the reactance was excessive. They 
asked me to come up and look it over. I suggested 
putting the wires closer together, but found they 
could not do this because they were in a canyon where 
the wind blew hard and the bare copper would swing 
together and make short circuits. Finally, we decided ■ 
that a synchronous condenser was the thing to use. 
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They had a blower which ran twenty-four hours a 
day, and we replaced its induction motor with a syn¬ 
chronous motor a little larger and with some excess 
exciting capacity. Now they are able to get full 
voltage over the same transmission line. This is a 
case. where they had reached the limit of the trans¬ 
mission line; they could not add more notors, and they 
were not properly operating the motors which they 
had; low voltage slowed down the whole process of 
the sawmill. Now they are up to speed again and 
up to voltage and everybody is happy. 

There is another instance where capacity had been 
reached, but this time differently. I was telling that 
story about the sawmill to a friend who operates a 
factory where they .take potash out of the waters from 
Salt Lake. He believed we could do something of the 
sort at his place, and brought in a little diagram of 
connections. I. found that he could not prevent line 
drop because his center of distribution was the power 
house. He was disappointed. He came back in a 
day or two and said “We are up against it for power 
at our place. This year we must have another gener¬ 
ator.'' I found that be nad two engine-driven 
generators loaded to full capacity, and they were 
adding more motors. What we did for him was to 
recommend that he buy two kinds of condensers, 
first, that he buy a steam condenser for his engines so 
that they could carry the increased power load, and 
then that he also buy a synchronous condenser to 
carry the wattless current of his motor loads. He 
did so, saving the buying of additional boiler capacity 
and additional engine and generator capacity, simply 
by installing a small synchronous motor. The syn¬ 
chronous motor is replacing one or two induction 
motors at the same ^time; so it is killing two birds 
with one stone. This is a case where the limit of 
generator capacity had been reached and a small 
synchronous motor saved the day and saved considerable 
money, perhaps twelve times as much as the motors 
cost. 

Another place where synchronous motors are com¬ 
ing into use, is in the large metal mills. Those mills 
have induction motor drives throughout. In one 
mill there is a load of about 20,000 kw. with a load 
factor of about ninety per cent; and it is all induction 
motors. In order to reduce the enormous copper 
losses and to keep down the investments in copper, 
which were still more enormous, they sought some 
application of synchronous motors and found they 
could drive air compressors, vacuum pumps and ma- 
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chines of that class very nicely by synchronous motors. 
They have installed about twenty fairly large motors, 
and these give a very much better power factor. They 
are able to add very considerably to the number of 
motors in their mill without increasing their trans¬ 
former capacity and without increasing the size of 
transmission lines. 

H. V. Carpenter: I wonder if il, is commonly ap¬ 
preciated that the reading of the reactive factor meter 
as compared with the reading of the watt meter is a 
direct measure of the extra losses that you are throw¬ 
ing away in your lines? We take the vector diagram, 
add up the useful current in one phase and the wattless 
current at ninety degrees to get the total current used; 
but to get the losses in the copper due to those currents 
we must add the two losses arithmetically. Each 
current causes loss independently of the other, as we 
see by examination of the formulas, 

I" = -f so R I- ~ Ri ~| R i x ". 

Mr. Hayward’s notion of a little vector diagram 
right before the operator is rather startling, but, 1 
think he is absolutely ■right in saying that; you can 
tell the operator, “this vector must not be here; so 
adjust your instruments until it disappears.” You 
can tell your operator that, and get away with if, 
whereas if you talk power factor to him very much 
he will not appreciate it. 

. There is one point in connection with the applica¬ 
tion of static condensers which I think should lx* men¬ 
tioned. That is the different fashion in which they 
are affected by a drop in voltage as compared with 
synchronous condensers. Suppose we have two lines 
just alike, both operating with very had power factor, 
and we correct one with synchronous condensers and 
the other with static condensers; suppose something 
comes on which pulls the voltage down ten per cent; 
the static condensers will balk just to the extent of 
that ten per cent, while the synchronous condenser 
will give an increased correction. Lowering the ap¬ 
plied voltage on a synchronous condenser gives you 
the same effect as raising its excitat ion, in that it makes 
it give you a larger corrective action. Probably Mr. 
Jones can give us some further light as to the extent, 
of that effect; at any rate we should remember that 
the synchronous machine will automatically adjust 
its capacitive correction in the right direction while 
the static condenser inherently corrects most when 
least needed. 

S. C. Lindsay: This matter of power factor cor¬ 
rection is a real live issue at this time with the company 
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with which I am connected. We are making a very 
careful study of it and one of the most amazing things 
is that power companies all over the country, including 
our own have let this situation grow to the extent 
that they have. before commencing an analysis of 
what it was costing them to have these large reactive 
components on their system. In the analysis we are 
making we are trying to figure the thing right down 
to the last point and find out just what it is costing us, 
we can afford to spend to correct it, and what will 
be the net gain after we make our investment. 

We have in our system a rather peculiar condition. 
We have three water power stations tied together. 
We have to operate with practically fixed voltages at 
each of those stations. We have some radial lines 
running from one of those stations, on which there is 
a heavy low power factor load. The load on the ra¬ 
dial lines frequently calls for a higher voltage at the 
step-down substations than we are able to furnish, 
by reason of the base voltage at the generating station. 
If we raise the voltage of one station a little it throws a 
very bad power factor on the tie-lines. If we raise 
the voltage at say our White River station we still 
try to hold a fixed voltage at the Snoqualmie station. 
At the White River station we can generate in the 
neighborhood of 50,000 kw. when operating around 
unity power factor, but if the power factor is eighty- 
five per cent or lower we can only generate about 
42,000 kw. So we must devise some means of making 
sufficient correction to enable us to operate those 
generators to the full capacity of the water wheels. 
As an illustration of what it is likely to cost, if we let 
that condition continue and put in more water power 
capacity it will cost us in the neighborhood of any¬ 
where from $200 to $300 per kilowatt of installed ca¬ 
pacity. If we put in synchronous condenser capacity, 
it will cost about $15 per kv-a. We will gain from 
that about 8000 kw. of generator capacity which we 
could sell. Those are approximate figures illustrating 
a condition. They are not to be considered final. 

If*We will gain then, the additional 8000 kw. or about 
$40 or $50 per kilowatt against a cost of $200 or $250 
for a new development. But even that does not 
correct the power factor at a large number of other 
points on the system. If the analysis is carried out 
completely for the entire system and the gain in line 
and transformer capacity added to the generator 
capacity, I think the net financial gain will be quite 
large. 

C. A. Whipple: I believe in the light of this wel- 
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come guest, improved power factor, we have lost sight 
of one of our great friends, the leading and lagging 
factor in our high-tension transmission systems. 
Scarcely anything has been said today regarding this 
feature of transmission problems. 

The question of power service is a matter of giving 
satisfaction and service to the customer. We can all 
give that service. But the question is how to accom¬ 
plish that at the lowest cost. We find that there are 
a great many cases where by taking, as it might seem, 
the viewpoint so far presented today, unity power 
factor, that we would have the ideal condition. I feel 
we are far from facts in that respect. In the high- 
tension transmissions such as cover the whole Pacific 
Coast, one of the cheapest methods of giving regula¬ 
tion, # which is our prime factor, is accomplished by 
varying the power factor. This is done by introducing 
low power factor at points where voltage is high, as 
at light loads. Possibly large consumers are at ex¬ 
treme ends of a transmission line; at intermediate 
points other consumers are supplied. The loads at 
these different points vary both in power factor and 
in the quantity of demand. Therefore the voltage 
regulation is a problem of considerable concern. 

I have had occasion in a number of instances where 
looking into the question of securing regulation, to com¬ 
bat efforts to increase the power factor in certain districts, 
finding that by introducing a lagging element in the 
load, I could thereby improve their operating condi¬ 
tions. Such an instance is. where a small load is 
taken by a branch line at a point comparatively near 
the generating point. By introducing a heavy lag¬ 
ging current at the time of light load, voltage can be 
retained at a point which would be satisfactory, 
whereas at heavy periods of load the power factor is 
increased by standard synchronous apparatus as may 
be necessary. The problem to my mind seems to be 
to introduce synchronous and condensing equipment 
at these points, which are most in need of the improved 
power factor. And a method which has seemed to be 
the most feasible, particularly during the period of 
the war when we had to take what we could get and 
not what we wanted, was to stimulate the customer 
to the purchase of synchronous equipment where it 
was feasible, by the power company assuming a 
certain portion of the increased cost of that synchronous 
equipment, and also by inducing certain customers 
to keep their induction load off the lines at certain 
periods of peak load; that is under conditions where 
the fines were heavily loaded. 
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Another method that has worked out economically 
in two instances has been to purchase larger generating 
equipment than required for service at reserve steam 
power plants. This was neeessary to carry the lag¬ 
ging component of the district, the increased cost for 
which in_ one case amounted to about one quarter 
of what it would have cost to put in a synchronous 
condenser to perform the same service. In other 
words, I doubled the cost of the generator purchased 
for the purpose of the corrective power factor thereby 
introduced. 

I feel that under conditions mentioned by Mr. 
Hayward and existing with the Puget Sound Traction, 
Light & Power Company, and with some of the other 
power companies in this district, that in these power 
systems the increasing of power factor in all cases is 
not desirable. We wish to keep our lines under volt¬ 
age control, reducing at times the power factor in 
certain sections to lower voltage, for we live in a dis¬ 
trict where water pow T er is going to waste a large por¬ 
tion of the year. Where regulation is seemed without 
cost we do not care if the consumption of power is 
somewhat greater. 

D. M. Jones: I don’t know right now_ of any other 
problem in which extensive amount of engineering work 
on the part of the operating people will get them _ so 
much for their money. We sit back rather behind 
a screen as you might say, and take the problems 
that are pushed up to us on paper, are asked for an¬ 
swers very often and give the best w r e can on the basis 
of the facts given. We would like more often to 
encourage people to tackle this problem _ of power 
efficiency by detailed engineering examination _ of 
their own premises, which we cannot give. I think 
there are anumberof operating companies where it would 
pay them to hire a young engineer and just turn him 
loose on that one job. They will get more for their 
money than I think they really appreciate. It is 
such an easy way to correct power factor by selling 
them a big condenser; that is a good deal like giving 
a man patent medicine for his ills. It may seem queer 
that a person in my position would ever complain 
about that method of procedure, but we like to see a 
job well done. 

I wish also to thank Mr. Carpenter for calling my 
attention to a thing that should have been mentioned 
in regard to the static condenser, which he has so 
well brought out. The corrective capacity of a con¬ 
denser drops with the voltage applied. The current 
demand by the condenser will drop practically with 
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the drop in the voltage. On the face of it it would 
look as if you were going to get disturbing effects, 
theoretically at least, which would bother you consider¬ 
ably in the voltage regulation of your line with the 
use of the static condenser, but under normal condi¬ 
tions of operation of this appliance, however, where 
it is used in relatively small capacities necessarily 
from economic reasons, the voltage variation actually 
encountered has never been serious. Practically it 
has not bothered. That is the only answer I can give 
to it. 
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Introduction 

I N working toward the efficient and economical 
design of the central station system as a whole 
no link in the chain connecting the consumer with 
the coal pile may be overlooked. The ultimate 
purpose of all study in this direction is to enable 
energy to be delivered to the customer at the least 
possible cost per unit, while at the same time good 
service is maintained. To this purpose considerable 
attention has been paid to generating plant, trans¬ 
mission lines and substations, but on the final link 
before reaching the customer—the distribution lines— 
the tendency has been to apply “rule of thumb” 
methods and “experience” only to the layouts. When 
it is considered that even in a well designed system 
the investment in distribution lines will often be from 
one-fifth to one-fourth of the total investment on the 
system and that the energy losses on these lines will be 
equal to or somewhat more than one-half of the 
total loss between the generator and the customer, it 
may be expected that a study of the economical design 
of distribution lines will be found of great profit.. 
Such has been found to be the case, and the results t' 
the study of secondary distribution described in this 
paper have been already applied to good advantage 
in the layout of such lines. 

There are several conditions pertaining to the 
secondary system which make the careful layout 
of such a system especially important. The number of 
transformer installations is so large and the lines spread 
over so great an area that constant or even frequent 
inspection is impossible. The load is subject to 
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irregular increases. In districts which are newly 
built up, new services are constantly being added. 
In old districts, new appliances are being purchased 
and the load on old services thereby increased. On 
this account any design must be made to cover a 
period of years and the increase in load for that period 
estimated from past experience. On the other hand', 
care must be taken not to install too much capacity 
and thereby increase the cost beyond the limits of 
economy. The problem must be carefully studied 
to obtain the balance between low cost and good 
service for any particular case. 

In general the problems most often encountered are 
of the following types: 

1. New lines in thinly populated districts where 
the load will probably build up rapidly. 

2. Old lines in residence districts well built up 
where revision is necessary to care for a slowly in¬ 
creasing load. 

3. Old lines in districts with heavy, increasing load 
such as business districts. 

4. Exceptional installations such as for permanent 
loads with no increase or for a decreasing load. 

In attacking such a problem we can often determine 
from tests and from past experience what the density 
of the loading is and how it will increase for some 
years in advance. We are usually limited to cer tain 
stock sizes of transformers and of wire, on any system, 
due to practical considerations of manufacturing and 
stock keeping. The problem then is to determine 
the proper combination of wire, transformer and tr ans - 
' >rmer spacing in order to give good conditions of 
operation and also to show the least cost per year for 
the load densities expected during the period of tim e 
under consideration. 

The purpose of this paper then is to study from an 
economical viewpoint the conditions generally met 
with in secondary distribution and to fur nis h as far 
as possible guidance for the designer to aid him in any 
particular problem with which he has to deal. It 
is clearly understood that no definite rules can be 
established which will fit all conditions. The varia- 
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tions in the problem are too many. The most that 
can be done is to furnish means for readily discovering 
the limitations of any problem and of proceeding within 
these limitations to the most economical design. 

The study has been carried forward from three 
different angles. First from the theoretical; second 
from a semi-practical, that is by adopting certain 
standards and studying their behavior; third from 
a purely practical, giving the designer data on the 
operation of various transformers and wire sizes under 
the conditions ordinarily encountered in practise. 

In all this discussion it has been assumed that the 
loading is such that it may be considered as uniformly 
distributed along the line. The unit used is called 
load density, given in kilowatts per thousand feet. 
The line is assumed to be three-wire secondary, spaced 
42 in. between outside wires. The cost of right- 
of-way, poles, cross arms and insulators is not included 
in any of the computations as it is assumed this would 
be the same under any given condition. Also the 
difference in length of primary for different trans¬ 
former spacings is not considered. In actual design 
under known conditions a correction should be made 
for this. The loading conditions are taken as those 
of residence lighting districts although the same 
methods could be adapted' to any other conditions 
of loading if its characteristics were known. Trans¬ 
formers are assumed to be in the center of the secondary 
served, feeding both ways. The symbols used and 
all the mathematical calculations will be found in 
Appendix A and B. Only the discussion will be pre¬ 
sented here. 

Discussion of Methods Used in Deriving 
Equations and Their Application 

Theoretical. In the theoretical discussion ideal 
conditions are assumed which will rarely if ever be met 
with in practise, but it can be shown by a study of the 
results how they may be applied to practical conditions. 
These assumptions are that the line is indefinite in 
length so that the transformers may be placed at any 
exactly determined spacing and that the spacing will 
change with the load; that the transformer is always 
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of a size just equal to the load to be carrried, that is 
equal to the load density at peak load times the spa cing ; 
that the wire may be of any cross-sectional area and 
vary with the load. Such a condition could only be 
obtained in a case where the load showed only seasonal 
variations and no yearly increase. However, in 
practise we usually design for a certain period at the 
end of which it is assumed the load density will be a 
certain amount. 

The general method has been to obtain an expression 
for the annual cost per 1000 feet of line and to determine, 
by finding the first derivative and setting it equal to 0, 
the condition under which this annual cost is a mini¬ 
mum. This is the most economical condition. 

Annual Cost of Secondary Distribution. The general 
equation for the annual cost is first obtained as follows: 

(Total annual cost per 1000 ft.) = (Annual Cost on 
transformers per 1000 ft.) + (Annual Cost on line 
per 1000 ft.) 

Y — Y t + Yl 

The annual cost on transformers must include 
interest, depreciation, insurance and taxes on the in¬ 
vestment represented by the transformer in place. 
This investment is made up of the purchase price, plus 
freight and warehouse charges, plus cost of installa¬ 
tion including lightning arresters, etc. It also includes 
the cost per year of inspecting and testing and the cost 
of energy losses. The core loss is practically a con¬ 
stant quantity for 24 hours per day throughout the 
year. The copper loss on the other hand depends on 
the load. If the characteristic variation of this load 
from hour to hour, day to day and month to month is 
known, the average loss per day can be determined 
in terms of the year’s peak load. In this case the 
peak load is assumed to be just equal to the capacity 
of the transformer. The cost of energy at the trans¬ 
former must also be carefully determined. The cost 
for copper loss will be considerably higher than that 
for core loss on account of the lower load factor. The 
sum of all these items makes up the annual cost on a 
transformer. 

It was found that if the value of the transformer 
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annual cost is plotted against the transformer size 
that the curve for values between 0 and 25 kw. may 
be approximated by a straight line of the formula 
Y v, = Ki + K 2 T, T being the transformer size and 
Ki and K 2 constants to be determined for any partic¬ 
ular combination of transformer cost, energy cost, 

etc. (See curve No. 1.) This becomes Y t = w— 



Curve No. 1 — Annual Charges on Transformers 
Transformers assumed to be fully loaded at yearly peak load. 

Curve of total cost approximates equation 
Yt' = Ki + K 2 T 

(K t + K 2 T ) per 1000 ft., where S is the length of 
secondary belonging to any one transformer or the 
distance between transformers where banked. 

The annual cost on the line includes interest, de¬ 
preciation and taxes on the investment cost of the 
wire in place, including purchase price and cost of 




1812 


P. 0. REYNEAU AND H. P. SEELYE [Oct. 8 


installation, also the cost of annual energy loss due to 
resistance. The copper loss is arrived at by the same 
method as the copper loss on the transformer, that 



03 1.04 


0.92 


10,000 20,000 30,000 40,000 50,000 ' 60,000 70,000 80,000 90,000 
SIZE OF WIRE IN CIRCULAR MILLS = A 

Curves No. 2 and 3 


is by use of the equivalent average number of hours 
per day at full load or equivalent hours. 



Curve No. 4—Most Economical Voltage Drop in Per 
Cent of Delivered Voltage 
Load Uniformly distributed—Transformer size just equal to load. 

The total annual cost per 1000 ft. of installation is 
now obtained by adding these two quantities, annual 
cost of transformers and annual cost on line, and the 





1920 ] P. 0. BEYNEAU AND H. P. SEELYE 1813 


equation obtained as shown in equation (4)—(Appendix 
B) for Y in terms of 5 (length of secondary), Ln (load 



Curve No. 5—Most Economical Spacing of Transformers 
Limited by a ma x i m um allowable voltage drop of 3 per cent. 

Load uniformly distributed—Transformer size just equal to load 


density), A and W (cross-sectional area and weight 
per foot of wire) and various constants to be deter¬ 
mined by local conditions. 



Curve No. 6—Most Economical Transformer Size 
Being just equal to the load at the most economical spacing 


Most Economical Voltage Drop. One of the most 
important controlling factors in determining the length 
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of a secondary or the spacing of transformers 
maximum allowable voltage drop. It has i 
been considered that the most economical coi 
of operation would be with a voltage drop high* 
would be allowable for good service. In ou 
3 per cent drop has been considered the limiting 
as luminosity curves for Mazda lamps show a 
tion as high as 18 per cent with 5 per cent a 
drop while 3 per cent shows over 10 per cent redi 
Considering the voltage loss in the service drops 
cannot be figured closely on account of variah 
ditions and the fact that the load is not abs< 
uniformly distributed, 3 per cent is consider* 
highest value commensurate with good ope: 
It must be determined, then, if under certain 
tions, a smaller voltage drop than this will be 
economical. 

The expression for Y can be reduced to an eq 
in terms of Lo (load density), A (cross-section* 
of wire), and V (per cent voltage drop). If 
then differentiated with respect to V and th 
derivative set equal to 0, an expression is obtair 
the most economical voltage drop in terms o 
size and load density. Equation (6). (Appenc 

By assuming values for the constants to fit ] 
ular conditions this expression for V can be p 
against load density for various standard wire 
These curves show that, as load density inc: 
the most economical voltage drop decreases and 
the conditions assumed in the curves here plotte 
most economical voltage drop falls below 3 pe 
at load densities which are often encountered 
such loads, see curve No. 4. 

Most Economical Transformer Spacing. In as 
manner it is possible to treat the question of 
of secondary or transformer spacing. Equatic 
may be differentiated with respect to S (the 
former spacing). The first derivative is equal 
0 and we have the expression for the most econ< 
spacing, equation ( 7 ). The transformer spacing 
ever must be governed, for the smaller load der 
by the limiting voltage drop—taken here as 
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cent. Hence equation (8) is derived which gives the 
spacing for a maximum voltage drop of 3 per cent. 
If now the constants are evaluated these curves may 
be plotted for various sizes of wire, using, for any 
particular load density, the equation which shows the 
shortest spacing. We obtain the set of curves No. 5 
giving the transformer spacing which will give, with 
any wire size, the greatest economy, providing good 
operating conditions are maintained by having no 
voltage drop greater than 3 per cent. 

Most Economical Transformer Size. It is a simple 
matter with these data at hand to derive the curves 
showing the most economical transformer size for any 
load density, providing the transformers are spaced 
most economically. Since it was assumed in the 
beginning that the transformer would be just large 

enough to carry the load, T = Ln where S is 

the value taken from the curves for most economical 
spacing. This is the most economical size for any 
load since the annual charge on the investment re¬ 
presented by the transformer is a much greater propor¬ 
tion of the total annual charge than the cost of energy 
losses. Therefore the use of a larger transformer, 
even though under-loaded, would be more costly. 

Most Economical Wire Size. It is now possible to 
attack the problem of the most economical size of 
wire for any load density. We will assume that it 
is feasible to use the most economical transformer 
size at its most economical spacing for any load density, 
modified by the limiting 3 per cent voltage drop re¬ 
quirement. Then if we substitute in our original 
equation, equation (4), the expressions for S used in 
plotting the curves for most economical spacing and 
for spacing limited by 3 per cent drop in voltage, we 
obtain two expressions for the annual cost per 1000 
ft. in terms of load density and cross-sectional area 
of wire (A). Here it is necessary to introduce two 
approximations. The weight per foot of wire (w) 
enters the equation, also the quantity B which is the. 
constant relation between per cent voltage drop and 
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per cent power loss for any size of wire. It is found 
by plotting values of w for standard sizes of wire of 
the range of sizes which would be used in secondaries 
that the expression w = K 3 + K 4 A is a very close 
approximation, Ks and A 4 being constants (see curve 
No. 2). Also it is found that the value of B for any 
size of wire may be approximated very closely by the 
straight line function B = K 5 + K e A, where K s and 
Ke are constants (see curve No. 3). These must be 
derived from the particular values of B which apply 



Curve No. 7 —Most Economical Wire Size 

Transformer size assumed just equal to load at most economical spa cing 
limi ted by 3 per cent voltage drop 


to the conditions being studied since these values vary 
for different spacings between wires. Substituting 
these expressions in the equations referred to above 
we obtain the two general expressions for annual cost 
per 1000 ft. in terms of wire size for maximum economy 
of transformer spacing and for 8 per cent voltage drop 
equations (10) and (12). These are now differentiated 
with respect to A and the equations (11) and (13) are 
obtained between the most economical wire size and 
the load density for most economical spacing and for 
3 per cent voltage drop. The constants were evaluated 
and these curves plotted (No. 7), the 3 per cent curve 
for low load densities and the maximum economy curve 
for high loading. They furnish a graphic representa¬ 
tion of the most economical size of wire to use under 
any load density providing ideal conditions obtain in 
the way of transformer size and spacing. 
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Purpose of Theoretical Curves . At first glance it 
may appear as if these curves being obtained on the 
basis of such theoretical assumptions could have very 
little practical value. However, when attacking a 
practical problem of this nature the data from these 
curves may be used as the basis upon which to start 
the calculations of annual costs under operating con- 



Curve No. 8 —Showing Comparative Economy 
of Various Wire Sizes in Secondary Installations 
Transformer sizes and spaeings assumed to be those most theoretically 
economical, limited by 3 per cent maximum voltage drop. 

Annual cost includes line and transformers. 

ditions. If for example the present load density and 
the load density which is to he expected at some certain 
future time are known, by going to the theoretical 
curves we may determine (a) whether the voltage 
drop is to be limited by the 3 per cent maximum, (b) 
what would be the most economical conditions of 
transformer size and spacing for present operation and 
for operation at that future time, and (c) what standard 
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size of wire will be most economical over the period. 
The curve for the most economical wire size covers, for 
each standard size, such a range of load densities that 
we should be able at once to select our wire size without 
further computation. Having determined this and 
knowing what stock sizes of transformers and practical 
spaeings come the nearest to fitting the ideal conditions 
over the period under consideration, we can then 
investigate, as will be shown later, the comparative 
economy of such various methods of installation as 
could be used in this particular ease. In other words 
these theoretical curves give certain limitations on 
which we may proceed to further more practical 
investigation. 

Sem [-Practical. In order to present our results 
in a little more concrete and practical form and to 
show the exact comparative economy between various 
types of installation, especially with respect to the 
size of wire to be used, a series of curves was developed 
showing the exact annual cost under various conditions. 
These are called the semi-practical curves. Curves 
No. 8 and No. 9. 

Annual Cost of Standard Wire Sizes Working under 
Ideal Conditions. The first condition was assumed to 
be that in which the most economical size of trans¬ 
former could be used, spaced the most economically 
or, where necessary, for 3 per cent maximum voltage 
drop. A curve was plotted for each of the three 
standard sizes of wire No. 6, No. 4 and No. 2, showing 
the annual cost at various load densities, (see curve 
No. 8). This is, in reality, simply plotting equations 
(10) and (12) as developed above. 

Annual Costs per 1000 ft. of Installation for any 
Combination of Standard Sizes of Wire and Transformers. 
As the next step in proceeding from the general problem 
to the concrete example various combinations of 
standard sizes of transformers with standard sizes of 
wire were assumed and curves developed showing the 
annual cost of each of these combinations at various 
load densities. The transformer spacing was still 
assumed to be always the theoretically best spacing 
lor each particular load. This enables us to compare 
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for example the economy of a 10-kw. transformer and 
No. 4 wire with that of a 15-kw. and No. 6 wire at 
any load density. 

The method of developing these curves has some 
points of interest although the equations are merely 
variations of our general equation for annual cost 
per 1000 ft. It is seen that for any size of transformer, 



Curve No. 9 —Showing Comparative Economy 
of Various Combinations of Secondary Installations 
L oad uniformly distributed. 

Voltage drop most economical—maximum 3 per cent. 


as the load density increases a certain point is reached 
where the spacing is no longer governed by the allowable 
voltage drop but by the size of the transformer itself. 
Hence each curve will consist of two parts, the lower 
where the voltage drop governs the spacing, the excess 
transformer capacity is provided, the upper where the 
transformer size governs the spacing and the voltage 
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drop is less than the allowable. The total annual cost 
is made up of five items. 

1. Transformer core loss. 

2. Transformer copper loss. 

3. Copper loss on the line itself. 

4. Fixed charges on the transformer (interest, de¬ 
preciation, taxes, inspecting, tests, etc.) 

5. Fixed charges on the line. (Interest and depreci¬ 
ation). 

Each of these five elements was analyzed as to con¬ 
stants and variables, considering the load density L d 
as the chief variable, and the transformer and wire 
sizes constant for any given condition. It was found 
that the equations took the following form: 

Y = K s L d 3 ' 2 + K 9 Ld + (K 7 + K 10 ) Ld 1/2 + K n 
when the voltage drop and wire size govern, and 

Y = (K 12 + K u + Kn) Lb + (Ku + K u ) 
when transformer size governs. 

The first is an equation of a third degree curve in LP-D 
breaking into a straight line (the second equation) 
at the critical point where the spacing for 3 per cent 
drop fully loads the transformer. The equation for 
each constant was then developed and evaluated for 
each combination of wire and transformer. The 
results were then plotted as shown in curve No. 9. 
The detailed derivation of these equations and con¬ 
stants has been omitted from the appendix as these 
are of less relative importance than the others given. 

Purpose of Semi-Practical Curves. These semi- 
practical curves, although reducing the variable 
elements, still retain enough of the ideal condition so 
that they cannot be used as an absolute criterion but 
merely as a guide. They do show however, concretely, 
the relative economy of the various standard sizes 
of wire when used under the most favorable conditions 
and this may be taken as a guide to their comparative 
behavior under all conditions. The second set of 
curves also shows concretely the relative economy of the 
various transformer sizes with any one size of wire as well 
as the relative economy of various sizes of wire with 
any size of transformer. This comparison of economy 
is valuable in showing the exact amount by which the 
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annual cost of one installation is greater or less than 
another. It often occurs that where the difference, in 
cost is not great, other advantages are sufficient to 
more than offset it and lead to the choice of the more 
costly. The spacing of transformers is here considered 
to be the maximum allowable throughout, with the 
transformer carrying its maximum allowable load. 
This limits the general application of these curves in 
practise and hence like the first series they are chiefly 
useful in establishing limits and as a basis for the 
design. 

Practical. We now come to the development of the 
curves which the designer may use in testing the 
economy of any design and thereby choose the most 
economical from several alternatives. Here no "most 
economical” conditions need be assumed. The curves 
simply represent annual costs as they occur under 
any condition which may be encountered. 

Load Curves for Secondaries . The first curve is a 
development from the two theoretical curves, the 
most economical transformer spacing and most eco¬ 
nomical transformer size. By plotting the transformer 
size against the spacing we obtain for each size of wire 
a curve showing the most economical spacing or the 
spacing limited by 3 per cent voltage drop for any total 
load on the transformer (see curve No. 10). By 
drawing diagonal lines, one for each load density 
desired, we can now show for any particular load 
density, the maximum economical spacing, and the 
minimum transformer size with that density and 
spacing. This curve merely simplifies the former two 
and serves the same purpose, not introducing any new 
principles. It is evident that any point below the 
curve will indicate a drop less than the value used on 
the curve. This curve is of use in determining what 
alternative designs may be feasible with any load 
and standard equipment and what changes may be 
made to care for an increase. 

Line Cost Curves . The equation for annual charges 
on the line, (equation (3) Appendix B) was next 
developed. All constants were evaluated and a 
curve plotted for each desired spacing—100-ft. in- 
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Curve No. 10—Load Curves for Secondaries 

Three-wire secondaries—244/122 volts at customer. 

Most economical transformer spacing limited by 3 per cent voltage drop. 
Power factor 95 per cent —Load uniformly distributed—12-in. 
spacing between outside wires. 


tervals were used—showing the annual charges per 
1000 ft. in terms of the load density for each standard 
size of wire. (See curve No. 11 for No. 4 wire.) 

Transformer Cost Curves . The third set of curves 
shows the annual cost on the transformer for any 



Curve No. 11—Line Cost Curves 

Annual cost per 1000 ft. of three No. 4 secondaries including fixed charges 
and cost of lost energy. 
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loading, (see curve No. 12). This of course is equal 
to the fixed charges, plus the core loss cost which is 
constant for all loads, plus the copper loss cost which 
varies as the square of the load. The equation for 
each of the standard sizes of transformers, 2, 5, 10, 
15 and 25 was developed and plotted. Since this 
curve shows total annual cost on a transformer and 



LOAD IN W. = !%± 

Curve No. 12 —Transformer Cost Curves 
T otal annual cost on various sizes of transformers under various loads. 
Includes fixed charges and cost of energy losses. 

not cost per 1000 ft. of installation a scale was added 
on the diagonal at the left by use of which, with a 
pair of triangles, the cost per 1000 ft. may be obtained 
by the principle of similar triangles. Draw a line 
from the total cost obtained to the spacing as shown 
on the diagonal scale and a parallel through 1000 ft. 
will indicate the annual cost per 1000 ft. on the vertical 
scale. (See Appendix B for illustration.) 

Cost of Replacing Transformers . Two more items 
of cost are of interest to the designer and these are 
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arbitrarily fixed by local conditions, the cost of chang¬ 
ing the size of transformers in the same location and 
the cost of changing the location of a transformer. 
These will be practically constant for all sizes and 
may be determined in any case from local cost records. 

Application of Practical Curves. We are now ready 
to furnish the designer with the information necessary 
to test the relative economy of any two alternative 
designs. He first determines his wire size from a 
study of the theoretical and semi-practical curves. 
Then, going to the load curves he may determine his 
alternatives in transformer size and spacing. Assume 
that conditions point to the alternative of installing 
10-kw. transformers at a long spacing, changing to 
15 kw. at a shorter spacing after a certain period of 
years, or of installing the 10 kw. at the shorter spacing 
now and merely changing sizes at that time. From our 
curves the exact cost per 1000 ft. for each year under 
consideration may be obtained by using the correct 
loading and spacing and, at the proper time, adding 
the cost of either changing location or changing size. 
The total of the annual costs for each design gives the 
total cost over the period under consideration and a 
comparison of the totals shows exactly the relative 
economy of the designs over the whole period. These 
curves may be applied to any such problem since they 
are based not on the assumption of ideal conditions 
but cover any actual condition which might occur in 
practise. They can be used in cases where the trans¬ 
former spacing cannot be uniform on account of local 
conditions of pole spacing, secondary length, and street 
and alley arrangement, a very usual case. When 
there is doubt about the wire size a study of the various 
possible combinations making use of these curves will 
soon determine the size for greatest economy. Simil ar 
curves can also be developed to suit other classes of 
problems such as concentrated loads, loads with 
characteristic variations different from those of the 
residence load used here, as in business districts, power 
loads, etc. 

Example of Application of Practical Curves. A 
concrete example of the use of the above curves may 
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be helpful. Assume that tests on a district show a 
load density of 8 kw. per 1000 feet, with No. 4 secondary 
wire already in place. Our load curves show for that 
loading and size of wire, 12.8 kw. load at 1800-ft. 
spacing to keep within 3 per cent drop in voltage. We 
wish to provide for an increase in load which we will 
estimate may go to 15 kw. per 1000 ft. in six years. 
For the present a 10-kw. transformer spaced at 1400 
ft. would care for the load while at 15 kw. per 1000 
feet there would be required a 15-kw. transformer at 
1000-ft. spacing or a 25-kw. at 1200 ft. In order to 
avoid too many changes we may space 10-kw. trans¬ 
formers at 1000 ft., changing in three years to 15 kw. 
or we may put in 15 kw. transformers now at 1500 
ft., changing the location in two years to 1000 feet. 
Other alternatives might be considered but these two 
will serve as an example. 

For the first alternative, assuming uniform increase 
in load density of 1 2/5 kw. per year. 


1st year. 

Line Cost — L d = 8 kw ., S — 1000. 

Transformer Cost—10 kw. at 8-kw. load .. 


Per 1000 ft. 
installation 
$16.00 
32.00 


For year 

2nd year. 

Line Cost —- L d — 9 2/5 kw., S 1000... 
Transformer Cost — 10 kw. at 9 2/5. 


$48.00 


16.30 

32.70 


For year 

3rd year. 

Line Cost — Ld = 10 4/5 kw., S = 1000, 
Transformer Cost — 10 kw. at 10 4/5. 

For year 

4th year. 

Line Cost — Ld = 12 1/5 kw*., S = 1000. 
Transformer Cost — 15 kw. at 12 1/5..... 
Cost of Changing Size (10 kw. to 15 kw. on 
same pole). 

For year 

5th year. 

Line Cost — Ld = 13 3/5 kw., S — 1000. 
Transformer cost 15 kw. at 13 3/5. 


$49.00 


16,80 

33.70 


$50.50 


17.30 

42.90 

7.00 


$67.20 


17.80 

43.60 


For year 


$61.40 
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6th year. 

Line Cost — L d = 15 kw., S = 1000. 18.40 

Transformer cost — 15 kw., at 15. 44.40 


For year $62.80 


Total for 6 years $338.90 

Second Alternative. 

1st year. 

Line Cost — Lx> - 8kw., S = 1500. 17.20 

Transformer Cost - 15 kw. at 12-kw. load. 35.50 


For year $52,70 

2nd year. 

Linecost— I/d = 9 2/5kw., S = 1000. $18.00 

Transformer Cost —15 kw. at 15 4/5. 37.20 


, For year $55.20 

3rd year. 

LineCost— Id = 10 4/5kw., S = 1000... 16.80 

Transformer Cost — 15 kw. at 10 4/5. 42 *30 

Cost of changing location. 20.50 


. , For year $79.60 

4th year—same as 1st alternative (less charge 

for changing size). 60.20 

5th year—same as 1st alternative. 61.40 

6th year “ “ “ « fi9*sn 


Total for 6 years $371 .90 

A saving of $33.00 per 1000 ft. of installation, or 
approximately 10 per cent of the total cost over a period 
of six years by the first method thus demonstrating 
its economy. It is well to note that a large part of the 
difference in cost is due to the fact that in the first case 
the size of transformer is changed while in the other 
the location but not the size is changed. If a further 
refinement of the comparison is desired, interest may 
be considered on the yearly items up to the end of the 
period under consideration. Usually such refinement 
is not necessary however. 

Conclusions 

. A stud y a11 tiie se curves gives considerable aid 
m determining certain standards of design as well 
as the final particulars for any special problem. There 
also may be obtained a definite knowledge of the be- 
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havior of secondaries under various conditions of 
loading and operation. It is purposed here to take 
up each curve in detail, to bring out its characteristics 
and its possible use. 

Most Economical Voltage Drop . The curves on 
voltage drop show that the most economical condition 
varies inversely as the cube root of the wire size also 
inversely as the cube root of the load density. 

For low-load densities the economical drop is high 
but decreases rapidly, while at high loading the de¬ 
crease is comparatively slow. It is clearly shown that 
the most economical voltage drop may be well under 
that allowable for good service for loads which may 
be often encountered in practise. Under the con¬ 
ditions and prices assumed in the present case the 3 
per cent limit seems to have some justification by 
economy for ordinary loads. 

Two conditions must be considered which might 
affect these curves, i . e., the price of materials and cost 
of energy and the fact that here the transformer was 
considered just sufficient to carry the load while 
ordinarily, when designing for an increasing load, the 
transformers are underloaded. It is seen from the 
equation of the curves for economical voltage drop 
that the cost of copper does not affect this discussion. 
This is due to the fact that the annual cost is based on 
a unit of 1000 feet, hence for any given price of copper 
the annual cost per 1000 feet of three-wire line is a 
constant no matter what the load. The cost of 
energy enters as an inverse factor to the 2/3 power. 
Also it is a small element in the factor Ki, which is also 
to the 2/3 power but in the direct ratio. Hence an 
increase in the cost of energy would increase both the 
numerator and the denominator but the latter slightly 
more than the numerator, hence all the curves would 
be raised slightly. This effect would be small however 
for ordinary fluctuations. In the case of an increase 
in the transformer price there would be no change in 
the curves providing the increase were proportional 
to the size since the factor Ki would not be affected by 
such an increase. 

In ordinary design for an increasing load the trans- 
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former would be made larger than sufficient to carry 
the present load to allow for the anticipated increase. 
A study of the curves for the various components of 
the annual charge on a transformer and the equation 
resulting therefrom, Y T , = K, + K, T, will show that 
if they are developed with the transformer working 
below its rated loading, and if the percentage of 
underloading is kept the same for all sizes, the factor K, 
will^ be very little affected, the effect being similar to 
an increase in price proportional to size. Since this 
is the only part of this equation that enters into the 
equation for most economical voltage drop it follows 
that if a design could be limited to any given percentage 
of underloading throughout, the curves would still 
show the most economical condition of voltage drop. 

Most Economical Transformer Spacing. These 
curves for the most economical transformer spacing 
(curve No. 5) are derived from the same general ex¬ 
pression for annual cost per 1000 feet as those for 
economical voltage drop. Hence the same results 
might be expected from the use of either of these sets 
of curves with the exception that where the most 
economical spacing would give a maximum voltage 
rop of more than 3 per cent we have corrected it 
tor that value making it such as to give 3 per cent. 

These curves show for very low load densities, 
extremely high spacings which are probably much 
greater than it would be practicable to use since for 
such a distance and such light loads the effect of the 
non-uniform loading would be considerable. As is 
shown by the equation, the spacing for 3 per cent 
drop varies as the square root of the wire size while 
for greatest economy it varies as the cube root It 
also vanes inversely with the load density, to the 
square root m the first case, the 2/3 power in the second, 
■bor ordinary loadings encountered in practise and the 

Srs 0 / f re .? 2es ii is sem that spadn s ° f 

1000 to 2000 feet is the most economical and practicable. 
For the higher loadings the most economical spacing 
decreases very slowly, remaining over 500 feet up to 
high values of L D . 1 

Changed conditions would have a similar effect 
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on these curves as on those for economical voltage 
drop, in the range of values for which the most economi¬ 
cal voltage drop governs the spacing. That is, a rise 
in the price of energy would lower the curves slightly; 
the prices of wire and transformer would not have a 
noticeable effect. For the condition of underloaded 
transformers, if the proportion of underloading were 
fixed there would be slight change. In practical 
designing, however, when considering the amount of 
this margin in transformer capacity to he used, it 
might be found relatively more economical to use a 
transformer size somewhere near the theoretically 
most economical and obtain the margin in capacity by 
using a spacing less than the most economical spacing. 
This may have some advantage over using the most 
economical spacing, as shown by the curves, and a 
larger size of transformer than the most economical, 
when the design is to cover several years and the cost 
of changing sizes and locations is taken into account. 
Hence, care must be used in placing too much depen¬ 
dence on the strictly theoretical values in practical 
design. The choice must be tested by the actual 
year costs as shown by the cost curves. 

Most Economical Transformer Size. The curves for 
the most economical transformer size simply show the 
size of transformer which will carry the load when 
the spacing is the most economical or just enough to 
give 3 per cent voltage drop. They have relatively 
less practical value excepting that it is from these 
and the spacing curves combined that the practical 
load curves are obtained. 

Most Economical Wire Size. The wire size is the 
first thing to determine in a design and must be chosen 
to cover long periods of increase in load as replacement 
of secondary wire is very costly. Hence for second¬ 
aries a standard must be chosen for installation in new 
work which will show good economy through the great¬ 
est range of conditions to be encountered. The curves 
seem to indicate clearly that under the conditions and 
prices assumed No. 6 wire should be used as a standard 
in all new work, in districts where ordinary residence 
lighting load is expected. The economy curve rises 
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very rapidly at low densities up to about 20,000 cir. 
mils or nearly to No. 7 at about 7 kw. per 1000 feet. 
From here the rise is less rapid but still considerable 
until it crosses the value of No. 6 wire at 15-kw. load 
density. The load density of 15 is a normal loading. 
It would not be advisable to use any size less than a 
N°._ 7 since the loadings at the smaller values are 
subject to such rapid increase. Even at No. 7 the 
economical load is fairly small (7 kw. per 1000 feet). 
On the other hand, the curve rises slowly after passing 
No. 6 and only reaches No. 5 at a loading of about 
31 kw. and No. 4 at 40 kw. which are high densities and 
to be encountered only in special cases. It is 
interesting to note that for all values below a No. 6 
wire the economical size is governed by 3 per cent 
voltage drop while above that the most economical 
drop governs, the curves crossing at 19-kw. load 
density. 

Since the curves were figured at a low copper price, 
in case of an increase in price, the curves would be 
lowered, i. e., a smaller wire size would be indicated for 
any particular loading. An increase in energy cost 
would slightly raise the curve, an increase in transfor¬ 
mer price if proportional to size would not affect the 
discussion. Since the curves were figured on the 
assumption that the transformer spacing was the most 
economical and the size just equal to the load, a change 
m these conditions might affect the most economical 
wire^ size somewhat. A fixed proportion of under¬ 
loading as above shown would have little effect but if 
different conditions of spacing were assumed, the 
design should be tested by use of the cost curves for 
various sizes of the wire. 

Semi-Practical Curves. The curves which we call 
semi-practical show a little more concretely the relative 
economy of installations with the various sizes of wire, 
in dollars per year per 1000 feet. They show the 
actual annual cost for different types. The excessive 
cost of No. 2 wire for ordinary loads is clearly demon¬ 
strated being from $3.50 to $6.00 per year more than 
No. 4 for loadings up to 15 kw. per 1000 feet. 

When we go from the ideal size of transformer to 
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practical stock sizes, still assuming the best spacings 
to be used, there are some conditions in which the 
relative wire economy is somewhat different. These 
curves also give an indication of transformer economy. 
It seems to be quite clearly shown that, under the 
assumed conditions, the use of large transformers such 
as 25-kw. is not justified except with very heavy 
loading, even considering the possible reduction in the 
number of transformers and hence in the core loss. 
The increase in the investment cost more than equalizes 
such saving. 

Practical Curves. The use of the cost curves in 
designing has already been explained. It may now be 
readily seen how a study of the theoretical and semi- 
practical curves applied to any problem will give a 
basis upon which to formulate a design which can then 
be tested for actual economy by application of the 
exact costs to be expected. We can determine from 
this, in case of a new line, the size of wire and then the 
spacing and size of transformers which will care for 
several years of increase. The exact number of years 
will be determined by the rate of increase together with 
the economy of the design, including cost of changing 
sizes and locations. Or, in case of remodeling an old 
district, we start with a given size of wire which 
although perhaps not the most economical, will not 
justify the cost of change. We can then choose and 
space our transformers most economically with regard 
to that size of wire. In a special case where no increase 
in load is expected the theoretical curves will give 
exactly the design to use. In other cases where the 
loading, voltage, etc., are somewhat different, by 
proper substitution in the theoretical formulas, curves 
could be plotted which would apply to that particular 
condition. 

General. The curves given here should not be 
accepted for general application to design problems. 
The costs and conditions of loading used were of local 
derivation and apply only to the organization and the 
time for which they were obtained. Similar curves 
should be developed for the study of conditions in any 
other locality and they should be revised from time to 


1832 


P. 0. REYNEAU AND H. P. SEELYE [Oet. 8 


time to meet changing conditions. These examples 
are given here merely to indicate the characteristics of 
such curves. 

It is evident that no very simple means of correctly 
designing a distribution system in regard to trans¬ 
formers and secondary wire can be made available due 
to the many varying conditions encountered and the 
large number of factors to be taken into account. 

The elements of good judgment and experience are 
as necessary in the solution of these problems as in any 
other problem of engineering. The object of this 
study has been to analyze and evaluate the factors of 
the design of the secondary system that lend them¬ 
selves to such definite analysis and to present the 
results as aids in the application of good judgment and 
experience to the best possible solution of the problem. 

In conclusion the authors acknowledge gratefully 
the assistance of Mr. Harold Cole and Mr. Lansing W. 
Thoms in the preparation of this paper. 

APPENDIX A 


Table of Symbols 

The following is a list of the principal symbols used, 
with their general definitions. In Appendix B, the 
significance of each symbol will be explained for the 
individual case under consideration. 

A = cross-sectional area of wire in circular mils. 

A ec = most economical cross-section of wire in 
circular mils. 


> •— constant relation between per cent voltage 

drop and per cent power loss. 

' cu == cost of insulated copper wire per lb. 

' el = “ “ core loss per kw-hr. at transformer. 

-«2 = “ “ copper loss per kw-hr. at trans¬ 

former and secondary. 

>r = cost of stringing wire per 1000 ft. of line. 

= Secondary receiver voltage between outside 
wires. 


9 = per cent mterest, depreciation and taxes 

(g t on transformer, g L on line).’ 

I = total current on secondary. 

Ki, K 2 '''' ' K n = the numerical constants. 
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L d = load density in kw. per 1000 ft. 

R t = equivalent resistance of transformer in ohms 
R = resistance in ohms. 

S — spacing of transformers in feet. 

Sec = most economical spacing of transformer. 

T = size of transformers in kilowatts. 

Tec = most economical size of transformer in 

kilowatts. 

t = equivalent hours per day in terms of 

yearly peak load to give a total energv 
loss equal to the actual. 

V = per cent voltage drop. 

Vec = most economical per cent voltage drop. 

W = total load on secondary in watts. 
w = weight per foot of insulated wire in lb. 
y = total yearly cost per 1000 feet of installa¬ 
tion. 

Y T = total yearly cost of transformer per 1000 

ft. of installation. 

Yt' = total yearly cost per transformer. 

Yl = total yearly cost of line per 1000 ft. of 
installation. 

Yi/ = total yearly cost of line for given spacing. 
Cos 6 *= power factor of load, 
p = resistivity of wire in ohms per mil-foot. 

APPENDIX B 

Derivation of Formulas 
List of Fundamental Assumptions: 

1. Continuous three-wire secondary. 

2. Uniformly distributed load. 

3. Difference in cost of primary wire and copper 
loss in primary for different spacing of transformers 
neglected. 

4. Cost of poles, cross arms, pins, insulators and 
right-of-way same for all cases and hence omitted 
from discussion. 

These four assumptions are carried through the 
entire study. Any additional assumptions are stated 
in the derivation of the individual formula. 
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A. Development of the Theoretical Curves 
1. Annual Cost of Secondary Distribution . 

Annual cost per 1000 feet of installation = Y 
Y — (Total annual charges on transformers per 
1000 ft. of line) (total annual charges on 
line per 1000 ft. of secondary) 


Where Y t = 


9 T 

(purchase price + cost of 


handling + Cost of installation 
+ cost of lightning arresters and 
equipment) + cost of core and 


copper loss + cost of inspection 


1000 

S 

9t = Per cent interest + depreciation + 
taxes on transformer. 

S = spacing of transformers in feet. 

Yr can be expressed as a function of the 
transformer size, T, as follows: 
v 1000 

~ s -^ 2 r) 


Where K\ and K 2 are constants and are found by 
plotting total annual charges on transformer against 
transformer size. (See curve No. 1.) 

Assuming a transformer size just sufficient to carry 
the load, then T = L D -A* . 


Where L D = load density in kw. per 1000 ft. 

Then Ft — IQQQ ( tt j ^ /D & \ 

s l^ + ^Toor) (2) 

Tl = investment cost of material per 1000 ft. of line 
+ installation charges per 1000 ft. of line 
, 1000 

+ —g- X cost of copper loss in secondary. 
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Yl = Tor (3 x 1000 x,txC - + cw + 


X --- x4 X 2 X t 


X 365 X 10 qq J 

Where 

q l = per cent interest + depreciation + taxes on 

line. 

w = weight of insulated wire in lb. per foot. 

Ccu = cost of insulated wire per lb. 

C sr = cost of stringing 1000 ft. of line. 

I = total current in secondary at transformer, 

p = resistivity of wire per mil-foot. 

C e2 = cost of copper loss in secondary per kw-hr. 

t = equivalent hours per day which yearly peak 

load should continue in order to give an 
J 2 R loss equal to the total actual I 2 R 
. loss for the year. 

A = cross-sectional area of wire in circular mils. 

E = voltage between outside wires of secondary. 

Cos 6 = power factor of load. 

r = 

E Cos 6 


(3000 w C C u H - S sr ) 


+ S2 [ £ 2 COS 2 0~ X 


X t X 60.83 C e2 ] (3) 


1000 K K^LvS) 

Then Y = -g- (.Ki + 1000 + 100 

(3000 W Ccu + Csr ) 

, „„ (60.83 Ld 2 p < C e2 ) 
+ 6 A E 2 Cos e 


( 4 ) 
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Equation (4) gives the total annual cost per 1000 ft. 
of installation as a function of the spacing and load 
density. 

2. Most Economical Voltage Drop. 

In order to obtain the most economical per cent 
voltage drop it is necessary to obtain Y as a function of 
the per cent voltage drop. 

This is done as follows: 

W = total load on secondary in watts. 

V = voltage drop on secondary in per cent of de¬ 
livered voltage. 

B = constant relation between per cent voltage 
drop and the per cent power loss. 

Then W = Ld S = — — F 
300 B S 


Whence S 


E 

17.32 


Substituting this value for S in equation ( 4 ,) 

Then 7= _' 

E . /IT +K * L ° 

17.32 V 


+ KiL, 


100 w C C u + C sr ) 

+ TT rrv->212 ~ WT~ T 60.83 ^r~- - ~ 
(17.32) BL d L A E 2 cos 2 $ 

= 17,320-^-/y/l^ p y- 1/2 

+ 0.2028 v -i-NT 

B Cos 2 0 V +K*L d 


+ (3000 X a ca + c sr ) ( 5 ) 

The most economical per cent voltage drop is 

obtained when the first derivative of Y with respect to 
V equals 0. 
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= - 1/2 X 17320 ~j~ ) V .r 3 ' 2 


+ 0 2028 -BC^ -° 


2/3 £ Xi 2 / 3 

A 1 '' 3 Ld 1/3 


Solving for y ec 

V - iggo r Cos*g ~| 2/ 3 B Xx 2 '' 3 

40 1223 L Xp*C e2 J A 1 '" 3 Lb1/3 (6) 

Equation (6) gives the most economical per cent 
voltage drop as a function of the load density. For 
fixed values of the constants this equation may be 
plotted as shown on curve No. 4. 

3. Most Economical Transformer Spacing. 

In order to obtain the most economical spacing of 
transformers it is necessary to have 7 as a function of S. 
This is obtained from equation (4). 


1000 Xj 


-+X 2 L d + 


(3000 W Ccu A Car) 




60.83 


Li? p t C e 2 
A W Cos 2 9. 


The most economical spacing is obtained when the 
first derivative of V with respect to S equals 0. 


1000 X r 

Sa* 

Solving for S ec 


+ 2 X 60.83 


Li? p t C'2 c _ n 
A E* Cos 2 6 ~ u 


s 2 02 1 APP (7) 

S «- 2.(12 p(Cil J V) 

Equation (7) gives the most economical spacing of 
transformers as a function of the load density. 

It is necessary to limit the range of application of 
equation (7) to conditions where the voltage drop is 
less than 3 per cent. A second equation must be 
developed for 3 per cent drop to apply where the most 
economical drop would be greater than 3 per cent. 
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Practical considerations limit the drop to that value. 
From above 

S = 300 5 Ld 

Using V = 3 per cent 


A/_^_ 

V BL„ 


= transformer spacing for 3 per cent drop. 
Then, summarizing, 


S ec = 2.02 


Ki Ef Cos 2 6 

P t C e 2 


which is general for all cases. (See curve No. 5.) 

4. Most Economical Transformer Size. 

. Tiie most economical size of transformer will follow 
directly from equation (7a) since it would be that size 
which would just carry the load at the most economical 
spacing. 

or ' T c 

- 1000 * (9) 

(See curve No. 6.) 

5. Most Economical Wire Size. 

The most economical cross-section of wire is the 
cross-section which will give the minimum total 
annual cost with any particular type of transformer 
installation. Here, the condition of most economical 
spacing and size of transformers will be assumed. 

Thus, substituting the value S ec (equation 7 ) for 
5 in equation (4,) 1 

Y = __ 1000 K l _ 

9 Q2 ( - Kl H Cos2 9 VI Ai 
V ptC e2 ) L»i 

+ KiL * + 'm (3000 w C ~ + c ") 
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+ 60 83 - -k p2 pt Ce 2 r 9 0 g 2 

+ AE 2 Cos0 2 |_ 


/ KiE 2 Cos 2 e Y A 2 / 3 1 
\ pt C e 2 / Lid 4 J 

It is possible to express w as a function of A as 
follows: 

K s + K 4 A 

on = —:-_- 

100 

Where K 3 and K 4 are found by plotting the weight 
of installed wire against its cross-sectional area. 
(See curve No. 2.) 

The equation for annual costs per 1000 ft. now be¬ 
comes 

v _ 496 (K, 2 p t C e2 )V 3 Ld*/» 7 * 

Y - (E 2 Cos 2 0) 1 / 3 - A + K * Ld 


+ W(K 3 + K 4 A) C cu + C 


I O/IO c (-^l 2 P t Ce2) 1 / 3 J J /1-1/3 

+ 248 - 5 wc^WF 


Simplifying 


Y = 744.5 


■Ki 2 p t Ce2 

E 2 Cos 2 0 


) LoiA -!/ 3 +K 2 L d 


+ [30 (Z, + Z 4 A) C„ + C„] (10) 

Equation (10) gives the annual cost per 1000 ft. 
of line, using the most economical spacing of trans¬ 
formers. 

The most economical cross-section of wire is obtained 
when the first derivative of Y with respect to A equals 
0 or 


= - 1/3 X 744.5 [ 


-Kl 2 p t Ce 2 ~| 3 

E 2 Cos 2 0 J 
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Z, d ?A«-4/3+ X30 K t C„ 

Solving for A ec 

4 154 r KSptC* -|i r , 

" (gL Kn C cu H ) L ' E* Cos 2 6 J Ld 

( 11 ) 

Equation ( 11 ) gives the most economical cross- 
section of wire using the most economical spacing of 
transformers. 

It is necessary to limit the application of equation 
(11) to less than 3 per cent voltage drop and develop 
the equation for most economical wire size with 3 per 
cent drop. This is done as follows: 

From the equation (8), the spacing which will give 
a 3 per cent voltage drop is, 

S = 1 La/ A 
10 V 1Tl7 

B may be expressed as a function of A as follows 
B = K$ -j- K 3 A 

Where K 5 and K 6 are found by plotting B against 
the cross-sectional area, (see curve No. 3). Then: 

5 = — a /' A 

10 V (K 5 +K 6 A)Ld 

Substituting the value of S in equation (4), the 
expression for annual costs per. 1000 ft. of line— 
(the spacing being limited for a 3 per cent voltage 
drop) becomes 

v _ 1000 K 1 

% ' JL~J A +K ‘ L ‘ 

10 v WTTkTaJlT 


+ [30 (K, + K 4 A) C cu + C„] 

+ 60.83 P J Ce9 ' 

A E 2 Cos 2 6 

JA _ A 

100 (K 5 + j Kf A) Ld 


X 
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Simplifying 

v 10,000 K X LJ 

i 3 or = - 


K 5 


E 


K* 


+ K 2 L 0 + [30 (K, + K 4 A) C c . 

P t C e 2 L D 


100 

+ C,r] + 0.6083 


Cos 2 8 (K s + K 6 A) 


( 12 ) 

Equation ( 12 ) gives annual cost per 1000 ft. of line 
using a spacing which limits the voltage drop to 3 per 
cent at full load. 

The most economical cross-sectional area is obtained 
when the first derivative of Y 3 % with respect to A is 
equal to 0. 
dY s 


__5%_ = 0 

d A 

= 1/2 


10,000 KiLA/f ( Ks 


E 




-i 


(-It-) 


A 2 e 
- 0.6083 

From which 

5000 K%K S Ld 1 / 2 


+ X30X 4 C, 

P t C e 2 -ZvD 

Cos 2 d{K- 0 + K 6 A ec y 




E 


{rt +K ‘) k 


A 

+ 0.6083 


12 A 2 * 

1?6 p t C «2 Ln 


Cos 2 ^ (Ki + Ks A ec ) 2 

= O.SOg^KtC'u (13) 
Equation (13) gives the most economical cross- 
sectional area of wire when the spacing is limited by a 
3 per cent voltage drop. (See curve No. 7.) 

B. Derivation of the Practical Curves 

1. Load Curves for. Secondaries. 

From equation (7a) 
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KiE ’ 2 Cos 2 6 \i A 1 


/JL a/-A- 

\ 10 V BL» 

From the combination of these two formulas the load 
curves for secondaries were obtained. 

The lines showing the various load densities are 
obtained as follows: 

Total load in kw. = ^ x S ec (17) 

(See curve No. 10.) 

2. Line Cost Curves. 

From equation (3), 


"^ L 100 W Ccu + Cgr) 


+ 60.83 ~ — p 1C ’ 2 
AE* Cos 2 6 

The line cost curves are obtained by substituting the 
actual values of the various constants into this equa¬ 
tion. (See curve No. 11.) 

3. Transformer Cost Curves. 

Annual cost of the transformer = 

Tri = TOO l ' Cost of tran sformer + cost of light . 

arrest. + cost of installation) -f inspec¬ 
tion 

+ cost of core loss 
+ cost of copper loss 

“ OT (Cost of transformer + cost of lightning 

arresters + cost of installation) 
+ cost of inspection 

+ C A X 365 X 24 X -£°2*l2®fL 
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The method for determining Y t (the cost per 1000 
ft. of installation) graphically from Y T < (the total 
cost on one transformer) is as follows, 

S _ Yt- 

TooT “ ~T7~ 


.-. Y 


T 


Y t< X 


1000 

s 


(Yt/ = total annual cost on a trans¬ 
former) 

Yt = annual cost of transformers per 
1000 ft. of installation) 

(See curve No. 12.) 

Hence by adding the diagonal scale at the left, 
Yt may be obtained from Yt/, as 
follows by the method of similar 
triangles. Draw a line from the 
value of Yt', obtained on the 
vertical scale to the value of S 
used, on the diagonal scale. Draw 
a parallel line through 1000 ft. 
on the diagonal scale and where 
it intersects the vertical scale 
will be found the desired value 
of Yt. 
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Discussion on “Economic Study of Secondary 
Distribution” (Reyneau and Seelye), 
Philadelphia, Pa., October 8, 1920. 


Walter I. Slichter: In spite of the fact that the 
general fundamentals underlying the question of 
distribution are quite simple, there is a very complicated 
problem facing engineers which is not appreciated by 
the average person. There are three different criteria 
underlying the problem: first, a certain limitation in 
the variation of the voltage; second, a definite limit 
to j e amount of_ money that may be lost in energy; 
third, a definite limitation to the heating of the con¬ 
ductors m order to avoid danger from fire. 

^ ese Imitations are subject to discussion, 
ihe first, as to how great a variation of voltage will 
still give the customer satisfactory service, particularly 
m connection with illumination. The second point 
has been stated simply by Lord Kelvin, that that 
system is most economical in which the value of the 
energy lost in one year is equal to the interest on the 
investment m copper. But present day systems re- 
quire poles and insulators as well as copper and all 
these require maintenance, so that both the investment 
j • ai F mal expenditure are less definite. The 
third criterion becomes of importance only in very 
short installations. y 


. w hen we attempt to combine these three variables 
!?« °u e “ athe m a tical equation we meet with great 
difficulty because the variables take certain arbitrary 
and irregular changes in value. Thus the variation 
in voitage may reach a definite arbitrary limit when 
the density m the wire makes the heating dangerous 
thus even in a simple series distribution we find the 
relations somewhat complex. 

When we introduce the transformer we have the 

^^+T? 0nsl ^ era ^ lon - h° w much energy may be lost 
on the primary side and how much in the secondary 
whl ch, speaking mathematically, means 
a-e ar e an mfinite number of solutions to the 
problem. It is therefore a 5 very interesting and 
valuable contribution to the art to combine these 
fiwvL vary™, 2 factors into equations and curves and 

^T^+L mtrodU r 10 ? 1 of c °mmercial values and costs 
make than applicable to commercial problems. 

nan^T^P^fB ther , as , toni shing point made in the 
aut h°rs state as a general and definite 

corffh^n^^+L 16 maxi mum variation in voltage which 
conforms with reasonable values for the other auanti 
ties is 3 per cent. It would be deduced from this that 
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many operating companies would save money by giv¬ 
ing their customers better voltage regulation. 

D. W . Roper: The authors in their paper apparently 
assume that the. transformers are to be connected in 
multiple and their calculations appear to be based on 
this assumption. It might be proper to inquire, there- • 
fore, why should the transformers in an urban dis¬ 
tribution system be connected in multiple ? In re¬ 
sidence districts, for example, it will ordinarily be 
found that the demand in several consecutive blocks 
varies over quite wide limits and under such circum¬ 
stances it would not be desirable to install in each 
block the average size of transformer instead of the 
size determined by the loads in that block. 

Also as a practical consideration, it is found in 
Chicago that there are hardly any service connections 
from the pole at the end of the alley so that by omitting 
this span entirely as well as the span crossing the 
street, there will be a saving of three spans of the second¬ 
ary in each block, amounting to nearly 40 per cent of 
the total length. With this system the size of trans¬ 
former is selected in accordance with the load in the 
block which is supplied and in our experience it is a 
more satisfactory arrangement than operating trans¬ 
formers in multiple with the difficulties which occur 
with such a system in case of over loads and burnouts. 

It is interesting to note, however, that the relation 
between the size of transformers and the size of the 
secondary circuits as used in Chicago are quite similar 
to those shown by the authors, that is, in the outlying 
districts where the center of the load is not very great 
No. 6 wire is the most economical for secondaries and 
that as the transformer size Increases, a larger size of 
wire for the secondary mains is more economical. 
It appears, therefore, that while the calculations of 
Messrs. Reyneau and Seelye are based upon somewhat 
different assumptions from those used in Chicago, 
their results correspond very closely to Chicago’s 
practise and their results should serve as a very useful 
guide in designing distribution systems. 

H. P. Seelye : Mr. Slichter’s statement about 3 per 
cent voltage drop is quite true. I think it is largely 
due to the fact that the economical considerations 
have not been sufficiently studied in the design of 
secondary distribution that large voltage drops are 
thought to be economical. 

An interesting point in this regard is the fact that 
the economical drop is shown in many cases to be 
less than 3 per cent, especially as it occurs with load 
d ensi ties which are found very often in the residential 
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districts. A 15-kw. load density is quite a common 
occurrence in well built up sections, and the most 
economical voltage drop at that load is about the prac¬ 
tical limit set, that is, a three per cent drop. With 
load densities higher than that, the voltage drop is 
even less than three per cent. 

As to Mr. Roper's remarks in discussing the banking 
of transformers, I do not think the discussion as we 
have brought it out is based essentially on banked 
transformers. In other words, we have considered a 
theoretical condition of a transformer feeding equal 
distances in both directions, so that the fact that they 
are assumed to be banked is not essential to the theo¬ 
retical results. Practically of course, there is a great 
deal to be said on both sides in the matter of banked 
transformers. The practise of making the secondaries 
continuous is advantageous in the case where a design 

m - a ^ e a gi yen spacing^ of transformers, with 
the idea that when the load increases that spacing 
can be changed. This very often leads to economy 
m stringing secondary wire, even in cases where strain 
balls are inserted to separate the transformers. The 
excess cost of stringing more wire later on is saved 
and in many cases poles, guys, cross arms, etc., are 
also eliminated. 

From the operating point of view, where trans¬ 
formers are banked, if one transformer goes out, the load 
can be earned and operation continued until the 
transformer can be replaced._ This is applicable to 
places where frequent inspections of transformers are 
made, which is the condition assumed in this paper. 
In outlying districts we do not bank the transformers. 

It is obviously poor policy to interconnect large trans¬ 
formers with small ones, since if the large ones go out, 
the small ones will follow, as they cannot carry the 
heavy load. Where transformers are of nearly uni¬ 
form size, we have found it advantageous to bank 
them m well-built up sections. 
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S INCE Hopkinson in 1892 first suggested the idea 
that the distribution of a customer’s load 
throughout the day should have some bearing 
upon the amount which that customer should pay to 
the Central Station for his power, the subject of 
demand and load-factor measurement in its various 
aspects has been many times discussed. In the 
determinination of watts, amperes or any sim¬ 
ilar electrical quantity we have definite units 
upon which to base our measurements, and there 
is little room for controversy. But, when the 
quantity “demand”, being a more or less mathe¬ 
matical concept, embodying the combination of elec¬ 
trical units with time in a rather indefinite way, comes 
under consideration, very divergent views as to its 
nature, measurement and true significance may be 
and have been expressed. 

The object of the present paper is not to introduce 
any radically new ideas, nor is it to advocate any par¬ 
ticular policy as a panacea for all difficulties which beset 
the rate maker in his work. It is rather to give a 
bird’s-eye view of the situation as it exists today; 
and, in an endeavor to reconcile some of the different 
opinions on the subject to show an actual comparison 
of the performances of a number of demand-measuring 
devices. And from this comparison have been deduced 
some interest ing facts which would seem to have an 
important bearing upon the present day status of in¬ 
dustrial load measurement. 

For the purpose of a systematic study of the meas- 
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urement of electrical demands the subject may be 
divided into three natural sections as follows: 

L The electrical quantity upon which the meas¬ 
urement is performed. 

II. The method by which the measurement is ac¬ 
complished. 

III. The results obtained by the several methods 
upon a variety of types of loads. 

Although these aspects of the subject are closely 
related, they will be considered as independently as 
possible, one of another. 

I. The Quantity Measured 

In the establishment of a scale of charges for elec¬ 
trical energy the rate-maker at once recognizes the 
fact that he has the choice of a number of electrical quan¬ 
tities upon which to base his calculations. These 
quantities are affected in various ways by the nature 
and magnitude of the load under consideration. If 
the value received by a consumer from a certain amount 
of electricity were in direct proportion to the expense 
incurred in placing that electricity at his disposal, 
the problem of establishing charges for electrical power 
would be immensely simplified. Unfortunately, how¬ 
ever, such is not the case; and the problem becomes 
one of finding a middle way between an absolute fiat 
rate, based only upon the installed capacity of the 
load, and a straight energy charge established upon the 
readings of a watt-hour meter. 

In hydroelectric power plants, where the fuel costs 
are nil, and the apparatus may be run at its ultimate 
capacity at practically no more outlay than at very 
lght loads, the limitation of output is the capacity of 
the equipment In fuel-consuming plants, where the 
combustion of coal or of oil is the source of energy the 
cost of fuel, (the only item of cost whose value bears 
any direct ratio to the energy output), is seldom over 
half the annual expense of the undertaking, the re¬ 
maining charges being practically dependent upon the 
capacity of the plant. In either case, therefore, the 
relationship between the watt-hours supplied and the 
cost of operation is a very indefinite one. The main 
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object to be attained is that of keeping up the load 
factor; and the logical way to produce this result is to 
encourage each customer to do his share. It has of 
course, been demonstrated that cases may exist where 
it is desirable to have on the system a customer with a 
low load factor, who, by placing his peaks at the dis¬ 
cretion of the Central Station, may serve to fill up the 
valleys in the load curve caused by another customer 
who cannot so well control his demands; but practically 
all such cases are of a particular nature; and as such, 
need not be considered under the general head. The 
most natural way to encourage a high load factor is by 
the production of a direct reaction upon the customer's 
pocketbook, and hence the justification of the use of 
demand in the establishment of rates. 

The "capacity of the equipment" referred to in the 
former paragraph is a term which in itself might fur¬ 
nish material for much discussion, and its very un¬ 
certainty adds much to the intricacies of the problem 
of demand measurement. To the mechanical engi¬ 
neer such a term would present little difficulty, as it 
would merely signify a power value beyond which the 
weakest link in the system would fail. But to the 
electrical engineer the matter of heating of equipment 
is usually fully as important as any purely mechan¬ 
ical feature; and this heating is not indirect propor¬ 
tion to the amount of energy delivered to the con¬ 
sumers. ^ - 

The temperature rise of a piece of apparatus is gov¬ 
erned by the relation of the energy losses therein to the 
facilities for dissipating the heat generated, and to the 
time allowed for the heat to distribute itself away from 
its source. All of these factors are subject to great va¬ 
riation. If then, we wish to base our charge upon the 
capacity of the plant or investment necessary to provide 
power for the customer in question, we must pay some 
consideration to the temperature rise of our equipment 
due to his load. This means that, to obtain a fair 
basis we should endeavor to determine the energy loss 
produced in our equipment by the load under consid¬ 
eration and to incorporate this value in his power bills. 

The direct measurement of loss, while possible on a 
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single unit by use of a differential wattmeter, or by 
other means, is not practicable where the one bus 
supplies a number of independent loads. It. is desir¬ 
able, therefore to install upon each circuit that type of 
measuring instrument whose indications bear the closest 
relationship to the enrgy losses in the supply system. 
Hence the question, “What electrical quantity shall 
we measure?” 

As possible answers to this question, consideration 
is given to the follwing quantities: 

(a) Watts (EI Cos 4 >) 

The majority of the present day demand meters op¬ 
erate as wattmeters and give the maximum demand 
of the load in watts consumed. This method has the 
advantage that it is universally applicable to all classes 
of loads,—direct and alternating, single-phase and poly¬ 
phase, balanced and unbalanced. This value while rep¬ 
resenting the demands made upon the mechanical por¬ 
tions of the system, is not of necessity proportional to 
the heating effects. 

(b) Volt-Amperes ( EI) 

Since for a given energy load, the heating of equip¬ 
ment is manifestly greater at low power factors than 
at high, a consideration of volt-amperes without regard 
to the actual energy supplied will have a tendency to 
encourage operation at high power factor, and thus re¬ 
duce energy losses. This method is already used to a 
considerable extent by the employment of a watt- 
demand meter whose readings are coupled with those 
of a power factor meter at the time of the maximum 
demand. This scheme, however, or the use of a re¬ 
active-volt-ampere-meter in conjunction with a watt- 
demand meter involves the use of two instruments, 
one at least, of the curve-drawing variety; and is,' 
therefor, suitable only for comparatively large loads 
from which the revenue would be sufficient to justify 
the expense of the equipment. 

. volt-ampere meter has not yet been developed 
m a form suitable for direct determination of mwimnm 
demand, and does not at this time appear capable of 
such development, at a price to compete with the watt- 
emand meter on ordinary commercial measurements. 
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(c) Amperes (I) 

The earliest types of demand indicators were depend¬ 
ent for their indications upon current alone. And, 
since it is the current which is responsible for the heat¬ 
ing of conductors, there would seem to be justification 
for their use. On polyphase circuits, however, they 
are likely to introduce confusion and uncertainty. 



Fio. 1 —Test on Tbansmission Losses 


(d) Amperes Squared (I 2 ) 

As the heating of a conductor is directly proportional 
to the square of the current flowing, it would seem that 
an instrument measuring demand upon this basis would 
find a certain sphere of usefulness. Such a meter 
would be identical in its principles with an ampere- 
demand meter, but would have an inherently uniform 
scale. Its construction, to operate upon either a thermal 
or an electro-mechanical principle should be quite 
practicable. It would, however, on unbalanced loads, 
be subject to the same limitations as the ampere- 
demand meter. 

(e) Actual Energy Losses (K E m + R I ”) 

As stated above, while it is possible to measure the 
actual energy losses in a simple system, where but 
one load is fed from the portion of the plant under 
consideration; it is not practicable, when several 
loads are fed from one source, to apportion the re¬ 
sponsibility for the energy losses without the most 
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intricate mathematical operations and complicated 
metering equipment. The accurate measurement of 
energy losses under ordinary working conditions may 
be looked upon as a matter of purely academic interest 
and here laid aside in favor of some more practical 
if less precise method. 

As a matter of interest, a number of tests were 
made upon a load fed through a series of circuits 
forming an artificial transmission system. The ar- 



Wcrft# Input 

Fig. 2—Loss Measurements on Unity Power-Factor Load 

rangement, as shown in Fig. 1, consisted of a direct- 
current motor driving a small alternator whose output 
was stepped up to the line, and down again to the 
load. Complete measuring equipment was installed 
at several points along the system, and a differential 
wattmeter connected in so as to totalize the losses 
One set of curves was made with non-inductive load¬ 
ing, and another with considerable reactance in the 
circuit to produce a low power factor. 

The values obtained in these tests are shown in 
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Figs. 2 and 3 where the various quantities are ex¬ 
pressed as curves on a base of watts input to the 
system. The curve of total loss in the system mani¬ 
festly represents only the difference between the total 
input and the total output, and the same, of course, 
holds good for any portion of the system which it 
is desired to investigate. The total losses of the 
system, including those of the motor-generator set, 
the transformers and the line, are in this case taken, 
as being representative of the greatest variety and 
magnitude of energy losses, and therefore approaching 
most closely the average power system. 

A glance at the curve sheets suffices to show that, 
whereas the watt and volt-ampere curves bear but 
little resemblance to that of the energy loss; a strong 
similarity exists between the loss curve and the curve 
of amperes squared. It is a simple matter to develop 
an expression connecting the two quantities, which, 
from the values of amperes squared will enable us to 
construct the curve of losses. 1 This, while quite 
applicable to those portions of the system which supply 
only one customer, is subject to the same handicap 
as other methods of total energy loss determination, 
where several consumers are fed from the one bus. 

Summary—Part /. 

1. A. fair and equitable charge for electrical energy 
cannot be made on a basis of energy consumption 
alone. Some consideration must be made of the cus¬ 
tomers' demand upon the capacity of the plant. 

2. In the determination of demand, cognizance 
should be taken of the heat produced in the equipment 
by the load under consideration, as well as of the me¬ 
chanical limitations of the plant. 

3. While the mechanical limitations of the plant 
bear a direct relationship to the energy output, the 
heating limitations are in direct proportion to the 
energy losses in the electrical equipment. 

4. Energy losses cannot generally be measured, and 
are usually very difficult to estimate accurately. 

1. See Appendix No. 1. 
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5. Energy loss may be expressed as the sum of a 
function of the voltage and a function of the current; 
and considering the complicated nature of the expres¬ 
sion necessary to give a precise representation of this 
value, the voltage may usually be considered as con¬ 
stant, and the loss said, with little sacrifice of accuracy, 
to vary as the square of the current, 

6. An exact apportionment of the PR losses among 
several loads fed from one system is made difficult 



Fxa. 3 — Loss Mkakiiiuomknts on Low I’owku Kaotok Load 

by the fact that, while the total loss varies as the square 
of the total current, the ratio of the losses due to the 
respective currents is an indefinite quantity, depending 
upon a number of variables whose values it is not 
practicable to obtain. 

7. Since the true basis for demand measurement 
is an exceedingly evasive quantity, not capable of 
determination under practical working conditions, 
it is necessary that some compromise be made, and 
the nature of this compromise must be subject to 
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local conditions and to personal opinions on the eco¬ 
nomic questions concerned. 

8. Tests would seem to indicate that, though volt- 
amperes cannot be said to be an exact representation 
of the quantity upon which demand would be based, 
they furnish us with a definite quantity whose value 
approaches nearest to the desired approximation. 

II. The Method of Measurement 

In the present state of the art, there are recognized 
several methods of determining demand: These include 
measurements from the charts of graphic recording 
instruments, and readings obtained from specially de¬ 
signed demand meters. While from an analysis of 
the graphic meter chart it should be theoretically 
possible to determine the average power for any period 
and to select the greatest of these averages as the max¬ 
imum demand, any person who has tried to do this 
with the chart of a load having any considerable degree 
of variation realizes that a positive determination of 
the true average over a chosen period is seldom prac¬ 
ticable. 

The only workable method of measuring maximum 
demand from graphic meter charts is by selecting 
that portion of the curve during which the indication 
remains at its highest value for the duration of the 
required time period. This is known as the “Sus¬ 
tained Peak/' While the use of this quantity, in that it 
cannot exceed the true maximum integrated demand, 
might well meet with the customers' approval, it may 
be very unfair to the Central Station, in that the value 
obtained cannot be higher than the minimum point of 
any depression which may occur during the period 
of maximum demand. Moreover, the depth of any 
instantaneous minima of the load curve as drawn by 
the graphic instrument will depend greatly upon the 
amount by which the meter movement is damped. 
In Fig. 4 is shown a reproduction of charts taken 
simultaneously on the one load, by curve-drawing 
meters of different types. One of these instruments 
was of the well-known relay type; while the other, 
operating upon the induction principle, had almost 
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critical d am ping. From these charts it will be seen 
that, by a slight difference in the operating charac¬ 
teristics of the recording meters, the load is shown, 
not only as having sustained peaks of differing values, 
but as having its peaks at different times of the day. 
Thus, on a fluctuating load, the values of maximum 
demand, as determined from the sustained peak are 
of little significance. 

Since the ordinary curve-drawing meter does not 
justify its use for the determination of demand, it 



Fig. 4—Simultaneous Chabts Fbom Different Types 
of Curve-Drawing Meters Showing Sustained Peaks 

becomes necessary to investigate the possibilities of 
the various types of demand meters which, from time 
to time, have been developed; and to examine their 
principles of operation. 

Among the numerous types of demand instruments 
now known to engineers there are recognized two 
groups, which are classified according to the principle 
of operation rather than the quantity measured. These 
classes are as follows: 

1. Those from which an integrated value of the 
load is obtained. 

2. Devices which are time-lagged and cannot, in 
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the ordinary sense of the word, be said to give an 
integrated value. 

Integrated Demand Instruments. The quantity de¬ 
termined by this class is usually the ratio of the total 
integrated value of the load consumed in the time 
interval to the time of the interval. This class natu¬ 
rally falls into five subdivisions of which, as we proceed, 

I shall endeavor to briefly describe one or more types 
to be found in each. 

(a) Curve-drawing meters include all meters which 
give a continuous line record or chart of the quantity 
measured. From the charts so obtained it is possible by 
measurement or by integration to gain very complete 
information as to the load, its peaks, its total value and 
its demand over any desired period. But as shown 
in a previous paragraph, the systematic use of such 
instruments for the accurate measurement of demand 
is seldom practicable. 

(b) Instruments which graphically record the 
.demand for each successive time interval as fixed by 
a clock or other timing device, time also being recorded. 
The demand in each clock interval, and therefore the 
maximum demand, can be obtained from the record. 
This type and those in the two following classes oper¬ 
ate upon what is known as the' ‘"Mere” principle, and are 
subject to the disadvantage that, the time periods 
being selected by a clock, no cognizance is taken of 
load conditions immediately previous or subsequent 
to each individual demand. The clock being unable 
to select the period of maximum power, the max¬ 
imum demand as obtained from such an instrument 
is only the greatest of those demands which were meas¬ 
ured by the individual meter in question. Two similar 
meters installed upon the same load, unless the trip¬ 
ping mechanisms operate in synchronism, need not 
indicate the same value. As examples of meters in 
this class may be named the General Electric type G 
meter, the Westinghouse type R A and the Piek or 
the N. E. I. C. meter. 

The General Electric type G meter has essentially 
two parts, a registering element and a timing element, 
both of which are mounted within the same case. 
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In addition to the device proper, a complete outfit 
includes a contact device consisting of cam and con¬ 
tact brushes for mounting in the register of the watt- 
hour meter with which the demand meter isto be used. 
The registering element consists of a marking stylus, 
the electromagnet, ratchet and pawl mechanism, and 
gearing to transmit motion from the armature of the 
electromagnet to the stylus. The timing element con¬ 
sists of an eight day clock which drives the chart, 
and, at the end of each time interval, resets the stylus 
to its zero position. The charts are circular and arran¬ 
ged to cover a period of one week. They are made 
of a special coated paper similar to that used for steam 
engine indicator cards; and the record is made by a 
steel stylus. 

The Westinghouse type R. A. meter combines the de¬ 
mand mechanism and the integrating mechanism in 
one case and the connection between the two is me¬ 
chanical. The record paper is in the form of a strip 
and is of sufficient length . to last for thirty-six days. 
The chart does not travel continuously but is advanced 
a short distance just before the pen is released and 
reset. Thus each demand indication is given a 
square top that makes it distinctly readable. 

The Piek demand meter is probably the first graphic 
demand meter to make its appearance in this country. 
It was introduced about 1910. The measurement of 
energy is accomplished by a Westinghouse type C 
watt-hour meter bearing the ordinary integrating dial. 
Geared to, and operated by the meter is a parallel 
motion carrying a pen or stylus which travels in a 
straight line across the scale. The position of the 
pen is at all times recorded upon a paper chart driven 
forward by a self-winding clock. This clock serves 
also to drive a cam which, operating an electric tripping 
device, periodically releases the pen, and resets the 
demand mechanism to zero. These meters are built 
for periods ranging from one minute upwards. 

(c) Instruments which, at the expiration of each 
time period, make upon a tape or chart, a record 
of the reading of an integrating meter. These 
meters are very similar to the foregoing class, 



1920 ] PERRY A. BORDEN 1859 

except that whereas in the former, the record is graphic, 
in this case it is in figures. The “Printometer,” now 
known as the General Electric type P demand meter 
is the best known example. The instrument contains 
a set of cyclometer type-wheels which are electrically 
interlocked with the register of a watt-hour meter. 
They are moved forward at a rate representative of 
the flow of power through the meter; and will, there¬ 
fore, at any instant give an indication which is equiv¬ 
alent to the reading of the dial. Through the agency 
of a rubber platen and a copying ribbon, this reading 
is printed on a paper tape. The outfit is not self- 
contained, the demand indicator being separate from 
the clock and the meter, and requiring, like the type 
G, a contact-making device to be fitted to the register 
of the meter. 

(d) Instruments which indicate, but do not record 
the maximum demand, the time intervals being fixed 
by a clock or other timing device. In meters of this 
class, the reading is obtained from a pointer, which 
must be manually reset to zero, and which gives only 
the maximum demand since the last previous resetting. 
As examples of this class may be named the General 
Electric type M (formerly the Maxicator) and the 
Siemens demand meter. 

In its general principles the type M is similar to 
the type G. As the stylus is replaced by a pointer, 
however, it is not automatically returned to zero. The 
mechanism which forces the pointer across the scale 
returns periodically to zero but the pointer remains 
at a ma ximum deflection, and is reset by hand when 
the meter reading is taken. Instead of a clock, the 
M 4, for alternating currents, has for a timing element 
a constant-speed motor similar in its construction and 
operation to the moving element of an ordinary watt- 
hour meter. 

The Siemens meter consists of a demand attachment 
mounted in the same case with a watt-hour meter 
of the standard type. The clock is a small, electri¬ 
cally-driven unit which, by means of a cam, mechani¬ 
cally actuates the tripping mechanism. A driving 
dog periodically geared to the watt-hour mechanism, 
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impels a pointer around a graduated scale, and the 
position of the pointer indicates the ma x imum deflection 
of the dog, and hence, the maximum demand, 
since the pointer was last reset. At the time of reading 
the meter, this pointer is manually reset to zero. The 
Siemens meter, being of the purely indicating type, 
requires no attention other than the periodic reading 
and setting of the demand pointer. 

A considerable number of meters using the Merz 
principle have been developed by British and European 
manufacturers but these differ from the Siemens 
meter only in details of construction. 

(e) Instruments which make a record on a tape or 
chart when a certain fixed and predetermined amount 
of energy has been consumed, time also being recorded. 
This class differs from class (c) in that the demand is 
shown for any time interval, irrespective of when 
the interval began and ended. In other words, when 
a predetermined amount of energy has been consumed, 
a record is made, while in class (c) instruments a 
record is made when the predetermined time interval 
has elapsed. It differs from class (a) in that the 
record is not a continuous one, but periodic. E xam ple: 
Ingalls demand recorder. In this meter the general 
scheme of operation is similar to that of the General 
Electric type P but the functions of the timing and 
recording elements are interchanged. A dot is made 
on the paper tape after the consumption of each pre¬ 
determined block of energy. The rate of consumption 
is obviously greatest where the dots are most numerous. 

Numerous attempts have been made to develop a 
meter which would overcome the selective character¬ 
istic of instruments of the Merz type; but owing to 
their mechanical complications, these cannot be said 
to have found sufficient favor to justify their pro¬ 
duction in quantities. A special instrument developed 
for this purpose by the writer is described in a later 
section of this paper. 

Lagged Demand Instruments. A lagged demand 
instrument really comprises an indicating meter 
in which a retarding device is used, so that a 
definite time period must elapse before the full 



1920] 


PERRY A. BORDEN 


1861 


value is indicated. The time interval is independent 
of clock time. 

The value measured by instruments in this general 
class differs from the integrated value by an am ount 
which depends upon the particular type of instrument 
and the character of the load curve. With a perfectly 
steady load, all instruments of this class would indicate 
practically the same value as integrating instruments, 
but with a fluctuating load each type may give a 
different result. Hence, when referring to demands 
measured with instruments of this class, the particular 
type of meters employed should be mentioned. 
The class maybe subdivided into thef ollowing two types: 

(a) instruments in which the rate of motion of the 
indicator over the scale is always proportional to the 
load. Example: Westinghouse type R. 0. meter. 

The Westinghouse type R. 0. watt-hour demand 
meter, which made its appearance six years ago, 
embodies some distinctly original features. It com¬ 
bines in the one mechanism a wattmeter and watt- 
hour meter, both actuated by the same electromagnetic 
elements. The wattmeter is prevented from register¬ 
ing the instantaneous value of the load by an escape¬ 
ment operated from the watt-hour meter shaft. The 
indicating mechanism, therefore, constantly endeavors 
to indicate the load; but can only approach that 
value (as long as the indication is less than the load) 
at a rate proportional to the load. Since the speed 
of travel is proportional to the load, it will be seen that 
an indication of any sustained load will be attained 
at the end of a definite and constant time interval. 
The time period is thus established independently of 
any clock. Engaged with the indicating mechanism 
is a maximum pointer, which, by indicating the greatest 
deflection of the wattmeter element, determines the 
maximum demand. 

Several instruments measuring substantially the 
same quantities as the R. 0. meter have recently 
been patented, but as they have not made their ap¬ 
pearance on the market it is not necessary to refer 
to them here. 

(b) Instruments in which the rate of motion of the 
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indicator decreases with the time of deflection. Exam¬ 
ples: Wright, Reason, Lincoln type R. H., General 
Electric types W and H. 

The Wright meter is in principle a differential re¬ 
cording thermometer which measures the heat pro¬ 
duced by an electric current. It consists of two bulbs 
of approximately the same size, connected by a U-tube 
filled with liquid and provided with a third tube; 
in close proximity to which the scale is fixed. The 
current is carried through a heating coil wound on 
one of the bulbs. The heat produced causes the air 
to expand and to depress the column of liquid in one 
side of the U-tube, causing it to rise in the other and 
overflow into the reading tube. The height to which 
it finally rises is an indication of the maximum value 
of the current which has passed through the coil. 

The Reason demand meter is a similar piece of 
apparatus in which the glass tube is tilted by the 
measured current flowing in a solenoid, thus allowing 
the liquid to flow into the reading tube. Both this 
and the preceding type, being unaffected by the voltage 
of the circuit are purely ampere-demand meters. 

The Lincoln type R. H. meter having already been 
described both in theory and in mechanical construc¬ 
tion to the A. I. E. E., 2 it is assumed that a very brief 
description will suffice to recall to mind its operating 
principles. 

This demand indicator operates upon the principle 
of heat storage. By an ingenious, though simple 
arrangement of transformers and resistors it has been 
practicable to obtain a thermal quantity which is 
directly proportional to the energy in the circuit. 
An expanding spring, connected to a deflecting pointer 
enables an indication to be obtained of the watts 
passing through the metering element, and the instru¬ 
ment constitutes a true thermal wattmeter. The 
time element is introduced by loading the heaters 
with metallic masses, which do not instantly respond 
to temperature changes. Upon any change in load, 
the temperature of the mass begins to change and 
continues to do so until the rate of heat loss balances 


2. Teaks. A. L E. E. Vol. XXXIV, p. 2297 
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the rate at which energy is being supplied. This 
change in temperature takes place according to what 
is known as a logarithmic law. 

The General Electric type W demand meter is 
essentially a polyphase watt-hour meter with both 
electrical elements acting upon one disk, and a very 
strong damping system acting on the other disk to 
produce the necessary time lag. The rotating element 
is opposed by a series of springs which permit the 
disks to make three complete revolutions while the 
pointer makes one revolution. The instrument thus 
becomes an indicating wattmeter, very much over 
damped. This meter is usually constructed to have 
a time period of five minutes. 

The type H is a thermal instrument and records the 
maximum current. The instrument works on a 
differential thermometer principle. Two similar 
thermostatic springs are mounted on studs, then- 
free ends being connected by a cord which passes over 
a spindle, the latter carrying an arm which engages 
the pointer. The air temperature affects both springs 
to the same extent, thus causing no deflection of the 
pointer for its variations. In one of the two spring¬ 
supporting studs is contained a heating element through 
which the main current is passed; thus when current 
is being used, the temperature of one spring is raised 
above that of the other, causing the shaft to turn, and 
so produce a reading. This instrument combines in 
its principles the idea of the logarithmic increment pf 
temperature, with that of the flow of heat along con¬ 
ductors. 

The demand meters referred to above include only 
types which are now, or have been in actual commercial 
use. It is not the intention to convey -the impression 
that these are all the types that have ever been de¬ 
veloped. To obtain an adequate idea of the multitude 
of methods and principles which have been proposed 
for the measurement of this elusive quantity, it is 
necessary only to refer to the records of the Patent 
Offices for the past fifteen years. 

A considerable number of “Excess Meters” have 
from time to time made their appearance but as these 
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instr um ents cannot properly be considered as coming 
under the head of “Demand Meters,” they are not 
given consideration in this paper. 

III. Operation on Various Loads 

Provided the laws governing the mechanical opera¬ 
tion of any type of demand meter are known, it is 
possible to predetermine the indications of an instru- 



Fia. 5— Comparative Demand Meter Outfit 


ment in which the quantity measured undergoes any 
prearranged cycle of variations. In comparisons of 
demand indicators this has frequently been done, and 
an opportunity thus given to study the inherent char¬ 
acteristics of various types of demand measuring 
devices, particularly at the start and the finish of the 
duty cycle. 

Under actual service conditions, however, the duty 
cycle is seldom exactly duplicated; and as a slight 
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change in this cycle might produce varying effects 
upon the operation of different instruments, the 
element of uncertainty so introduced would seem to 
justify service tests on actual typical loads as being 
the only fair comparison of demand meter types. 

With the object of carrying out such tests, the writer 
collected a number of typical instruments, all of 
which were installed upon an easily portable panel, 
so arranged as to be cut in on the metering circuits 
of such typical installations as were accessible. This 
outfit is shown in Fig. 5, there being three distinct 
types of meters and, of each type, four time periods. 
The types are as follows: Top row, Lincoln thermal 
storage (logarithmic); second row, Siemens (Merz 
type, or block-interval); third row, Westinghouse 
type R. 0. (mechanically lagged). 

The time periods were 10, 20, SO and 60 minutes 
for the two latter types, and 10, 15, 30 and 40 for the 
first, it being borne in mind that the time period of a 
logarithmic meter is arbitrarily defined as the time 
required for the instrument to reach ninety per cent 
of its ultimate indication on a steady load. Each 
meter was adjusted to its maximum possible accuracy 
and frequently checked during the progress of the 
tests. The 10-minute and 30-minute logarithmic 
meters were supplied by the manufacturer from 
standard stock parts; the other periods being made 
up from such material as was at hand. These latter, 
when tested, were found to have time periods of 15 
and 40 minutes respectively; which values were 
adopted as satisfactory for the tests. 

The block-interval meters being of a pre-war Euro¬ 
pean type, it was not practicable to obtain suitable 
timing gearings; and special methods were used. 
Instead of cutting new gears for the timing elements, 
the clocks were removed, and replaced by small 
solenoids operated from a contactor carried by the 
master clock in the continuous recording meter. 

The mechanically lagged meters were stock instru¬ 
ments, which were fitted with suitable timing gears 
specially ordered from the factory. 

As it is a well-known fact that none of the types 
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of meters commercially used will infallibly measure 
demand upon an arithmetical basis; and as it was very 
desirable to have some form of instrument which 
could be considered as a standard of comparison, it 
was found necessary to develop and construct a meter 
for this purpose. As this meter embodies some rather 
unique features which may be of interest, the following 
description of its working principles and operation is 
given. 

The instrument itself was built of such odds and 



Fig. 6—Continuous Recording Demand Meter 


ends as could be found among the accumulation upon 
the shelves of the meter shop; and, as may be readily 
seen by reference to the illustration, (Fig. 6), does not 
partake of the general appearance of the apparatus 
produced by any of the well-known manufacturers of 
electrical equipment. However, as this device was 
constructed solely for experimental purposes, the use 
of such a nondescript instrument may be pardoned 
on the grounds of the interesting and satisfactory 
results obtained. 

To give a clear understanding of the operation, a 
diagrammatic sketch is shown in Fig. 7. It will be 
observed that the working principle is exceedingly 
simple. A paper chart is caused to advance at a 
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speed proportional to the load on the circuit, while 
a pen is propelled across the paper at a constant 
velocity in a direction perpendicular to the travel of 
the chart. The first motion is accomplished by means 
of a watt-hour meter, controlling the speed of the 
paper travel; while the second motion is produced 
by a clock, winding a cord about afriction-driven drum, 
so that the pen makes its transit of the paper in exactly 
ten minutes. At the end of each ten-minute period, 
a contactor driven by the clock energizes an electrical 
device, which forcibly returns the pen to its zero 
position, the cord inwinding from its drum, which 
slips on the arbor of the clock. 

As the return of the pen is practically instantaneous 



Pig. 7—Diagram op Continuous Recording Demand Meter 

it will be seen that the chart takes the nature of a series 
of curves one above the other, the corresponding 
ordinates on successive curves being separated by 
intervals of ten minutes. It will be seen that the slope 
of any of the curves at any instant is proportional to 
the load at that instant; and the series of curves may 
be considered as the translated portions of one con¬ 
tinuous curve whose height from the point of starting 
represents the integrated value of the load. 

Since measurement along any ordinate represents 
the advance of the paper, i. e. the integrated load, 
during the time period between two crossings of that 
ordinate by the pen, it manifestly represents the 
average load or demand during that period. It only 
remains, then, for the measurement of maximum ten- 
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minute demand, to select the ordinate whose length 
between two successive curves is greatest and to ex¬ 
press its length in terms of the units measured by the 
integrating meter. 

Similarly, demands for twice the normal time period 
of the meter may be scaled off by measuring the dis¬ 
tance along the greatest ordinate between alternate 
curves; and for greater multiples of the normal period, 
by selecting the desired number of curves to be sp ann ed 
Thus, from the one chart it is possible to determine, 
not only the true maximum demand for the funda¬ 
mental period, but the demand for any multiple of 
that period. 



Fig. 8 Simultaneous Charts From Continuous Recording 
Demand Meter and Curve-Drawing Wattmeter 


Referring to the chart shown in Fig. 7, the maximum 
ten-minute demand is indicated by the distance A, 
the twenty-minute demand by B/2 and the thirty- 
minute by C/3. 

. Fi g- 8 shows a portion of chart from this instr um ent, 
side by side with the simultaneous record of a graphic 
wattmeter upon the same load. These curves illus¬ 
trate the operation of the demand meter at the time 
of the noon valley on an actual factory load. 

The portable panel carrying the demand meters 
and a curve-drawing wattmeter, was wired up to the 
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metering circuits of several types of load, and careful 
records were taken of the indications. These records 
were averaged for each meter over several days, and 
the averaged readings expressed in the form of curves, 
as shown in Figs. 9 to 14. 

Since demand is one of the elements entering into 
the computation of load factor, and since the values 
of demand may vary widely, according to the method 



Fig. 9—Load op Electrical Testing Laboratory 


of determination, it must necessarily follow that the 
value of load factor is subject to the same wide varia¬ 
tions. But the latter quantity, being a ratio, and 
independent of the magnitude of the load, may be 
used in comparisons with much greater felicity than 
may the actual values of demand. The curves, 
therefore, are expressed in terms of load factor plotted 
against time period, a separate curve for each type 
of meter and a separate set of curves for each class of 
load. The numbering of the curves is the same as 
the vertical arrangement of the meters on the panel, 
viz. —1, logarithmic; 2, block-interval; 3, mechani¬ 
cally lagged; 4, true arithmetical average. With 
each set of curves is shown a sample of graphic watt¬ 
meter chart from the same load. In the load factor 
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Fig. 11 —Load of Small Machine Shop 
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installed upon the total load of an electrical testing 
laboratory. In this case the load was fairly steady 
all day, the peak occurring late in the afternoon, due 
to the additional power required by the lighting cir¬ 
cuits. 

Fig. 10 illustrates the curves obtained from the 
load of a large rubber manufacturing plant. This 
was a continuous 24-hour load with a deep noon valley. 
The peak, which was only slightly in excess of the 
average, usually occurred late in the afternoon. 

The curves in_Fig. 11 were obtained upon the feeder 



to a small machine shop, whose load included two 
heavy freight elevators. These are responsible for 
the severe swings above the days average. This 
load is included in the load referred to in Fig. 9. 

In Fig. 12, are seen the results obtained with the 
load of a heavy brass-rolling mill. Here are found 
nu m erous and heavy swings both above and below the 
average for the day. 

Fig. 13 shows the curves from a city tramway load; 
the section investigated operating from fifteen to 
twenty cars. The load curve shows, even during the 
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hours of peak load, frequent depressions approaching 
the zero value. 

The curves illustrated in Fig. 14, are presented more 
as a matter of interest than for any real technical 
value. They are plotted from values obtained by 
averaging the data upon which the other five sets of 
curves were based. It will be observed that the 
several curves lie in closer proximity to one another 
than in any of the individual tests. 

It will readily be understood that these investiga¬ 
tions might have been carried out indefinitely upon a 



great variety of typical load curves; but the results 
obtained on the five loads which were examined, 
indicate that a particular case must be made of almost 
every installation, and that attempts to generalize or 
to classify would be productive of little valuable 
information. Owing to the diverse nature of the 
results of the several tests, such facts as could be 
considered typical of the load curves or of the meter 
types can be presented only in a more or less discon¬ 
nected way; and, as such, appear in the following 
summary. 
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Summary—Part III. 

1. Except upon the most fluctuating loads, the 
demand meters of one type, and of differing time periods 
gave indications which, generally, within the limits 
of accuracy of the individual instruments, were in 
close agreement with one another. 

2. The load factors as determined from day to day 
upon the one connected load, by a meter of one time 



Time Period - (Minutes) 

Fig. 14—Average of Five Typical Loads 

period, differed more widely than did the values 
determined by the several meters of that type, upon 
one day's run. 

3. The values of load factor as determined from read¬ 
ings of meters of the Merz, (or block-interval) type 
were found to be very erratic; and even when averaged 
for the one load over several days, very difficult to 
reconcile into a smooth curve. A higher value of 
load factor (i e. a lower peak) was usually shown 
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for the short periods, coming into approximate agree¬ 
ment with the true value of the arithmetical average, 
as determined by the continuous recording meter, 
as the time periods became longer. This phenomenon 
is doubtless due to the frequency with which these 
meters would trip in the middle of a peak, thus missing 
the period during which the demand was a maximum. 

4. The mechanically lagged type of meters showed, 
generally, a comparatively wide range of indications 
with differing time periods; but the magnitude of 
this range was very subject to the secondary char¬ 
acteristics of the load curve. With loads whose 
value frequently swung well below the average for 
the day, the long period meters tended to give 
low indications, and, consequently, high load 
factors; while, with loads having frequent upward 
swings, the reverse was usually true. Consequently 
these meters would sometimes show indications below 
the average for the day; and in several cases, on 
widely fluctuating loads, the. 60-minute meter of this 
type gave load factor values of over 100 per cent. 
This feature is due to the fact that the timing mechan¬ 
ism is operative only during increasing deflections; 
and, upon a decrease of load below the point corres¬ 
ponding to the position of the wattmeter element of 
the instrument, this element, quite irrespective of 
the time period of the instrument, instantly follows 
the load to its minimum value; and can only climb 
back again as permitted by the escapement. 

5. The load factor, as determined by the logarithmic 
meters, varied, even on the most fluctuating loads, 
only a few per cent, between the shortest and the 
longest time periods. 

6. With load curves wherein the peak occurred 
early in the day, the power having been off, or very 
low, during the night, the logarithmic meters tended 
to give readings lower than the true arithmetical peak, 
giving a higher value of load factor, the discrepancy 
approximating the difference in reading which might 
be expected from the “90 per cent” clause in the 
definition of their time period. But when the peak 
came late in the day, after a long-continued run, the 
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load factor as given by the logarithmic meter 
approached the arithmetical load factor, and in some 
cases acquired a lower average value. This is con¬ 
sistent with the heating of electrical apparatus. 

«• Conclusions 

It is manifestly impossible to arrive at any set 
rules governing the selection or operation of methods 
or apparatus for the determination of an empirical 
quantity. Consideration must be given to a variety 
of local conditions, which, in all probability, would 
not be duplicated in any two power systems. It 
is practicable, therefore, to give as conclusions to this 
study only a number of deductions which will be quite 
evident to a student of the subject; together with 
suggestions as to ways and means of overcoming some 
of the difficulties which have heretofore presented 
themselves. 

1. In the determination of demand it is not feasible 
to obtain a quantity which will fairly represent all 
the factors to be taken into consideration. It is 
probable that the most logical quantity will be found 
in the volt-amperes of the load. 

2. Values of “sustained peak,” as determined from 
the charts of graphic meters are frequently misleading 
and of little significance. 

3. Values of averged or integrated peaks are diffi¬ 
cult to measure on graphic meter charts, and are 
subject to a large personal error. 

4. Readings of the Merz or “block interval” type 
of meters, though in themselves very erratic, will, 
in the long run, average more closely to the arith¬ 
metical average than the indications obtained by any 
other method. 

5. Individual readings of the logarithmic meters 
are more consistent, and usually closer to the true 
value of the arithmetical averages than are the indi¬ 
vidual readings of the Merz meters. 

6. Since heating follows a logarithmic, rather than 
an arithmetical law, it would seem, where heating is 
being taken into consideration, that the logarithmic 
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average is fully as justifiable as the arithmetical for 
a basis of demand measurement. 


APPENDIX I. 


As the tests were made with a constant voltage 
on the generator bus. during each run it was deemed 
permissible for purposes of demonstration, to neglect 
in each case the change in voltage at the receiving end, 
and to consider the losses due to potential alone as 
being of a constant value. The expression K E m then 
becomes a constant, and may be conveniently re¬ 
presented by P. 

The expression for the total losses then becomes 
W = P + R P, and we have only to find values for 
P and P. Those are easily obtained as follows: By 
running the system at no load, normal voltage, a 
value of P is at once obtained by reading the input. 
Subtracting this from the total power consumption 
at any desired value of current there is left 
W — P = R I 2 in which R represents the equivalent 
resistance of the circuit, and should be an approxi¬ 
mately constant quantity for all values of the load. 

The application of the formula with these values 
for P and R to the curve of amperes should give a 
curve representing the total losses. 

A typical calculation is given below: 


Watts at normal voltage, no load, = P = 411 
Losses at chosen point = W = 605 

Current at same point = J =3.31 


Then R = 


W-P 

P 


194 

11.0 


17.6 


Under ideal conditions this value, representing the 
equivalent resistance of the circuit, should, of course, 
remain nearly constant at all points of the test; but 
as a number of losses of secondary order have been 
neglected, and as the voltage was assumed to be 
constant at all points in the system, a variation of 
several per cent was, in the actual tests, noted in the 
value of R. 

In obtaining the calculated values for the losses, 
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there was assumed a constant value for R, this value 
being computed from near the middle point of the 
original curve, and no consideration taken of possible 
variations due to changes in the temperature of the 
copper. 

An examination of the curves will show that, con¬ 
sidering the assumptions which have been made, the 
calculated values of total losses check remarkably 
closely with the actual readings throughout the length 
of the curve, both on the high and the low power 
factor loads. 

To further demonstrate the applicability of this 
method, a number of readings were taken at random 
on different types of loadings with results as shown in 
the following table. 


Con¬ 

di¬ 

tion 

Wx 

W 2 

Wi — W * 

i?/ 2 

= (Wx-W 2 ) 

~ Load A 

I 

/ 2 

= i?i 2 // 2 

A 

400 

000 

400 

000 

000 

000 


B 

1400 

508 

892 

492 

5.36 

28.8 

17.1 

C 

820 

292 

528 

128 

2.90 

8.4 

15.2 

D 

635 

46 

589 

189 

3.16 

10.0 

18.9 

E 

882 

182 

700 

300 

4.23 

17.9 

16.8 

F 

1064 

296 

768 

368 

4.66 

21.8 

16.9 


Wi = Watts input 
Wi = Watts output 
Wi — Wi = Total losses 
jR J 2 = Copper losses 

I ~ Secondary amperes 
J 2 * Secondary amperes, squared 
R = Equivalent resistance of circuit. 

Following are the loads: 

A :—No load,—excitation only 
B —Lamp load only 
C —Lamp load only 
D —Choke coil alone 
E —Choke coil and lamps in series. 

F —Choke coil and lamps in multiple. 

Taking the constancy of the calculated value of the 
equivalent resistance as the criterion by which to 
judge the fitness of the rule, we here find a maximum 
variation of 12 per cent. A reversal of the formula 
and the use of resistance values having even this 
discrepancy would enable the values of energy loss to 
be computed from the current values with a far greater 
degree of accuracy than they could be determined from 
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any series of readings of watts or volt-amperes of the 
load. 

The application of such a scheme of demand meas¬ 
urement to determine heating effects in those portions 
of the system which supply only one consumer should 
not present any great difficulty. The two constants 
used in the formula could he determined for each 
installation; either by measurement or by calculation 
from the known characteristics of the lines and trans¬ 
formers. The application of these values to the read¬ 
ings of the ampere demand meter or the ampere- 
squared demand meter, as the case may be, would 
then give a check on the energy losses, and therefore, 
on the heating of the equipment feeding the load 
under consideration, thus establishing a basis upon 
which to compute the proportion of the overhead to 
be borne by that particular customer. 

APPENDIX II. 

In the following tables will be found the values from 
which were derived the curves in Figs. 9 to 13. These 
figures are expressed as watts in the metering circuits, 
no regard being given to the ratios of the instrument 
transformers. The values of average watts were 
obtained by dividing the watt-hours consumed in 
each day’s run by the number of hours constituting 
the run. The maximum demands are the indications 
of the respective demand meters, multiplied by the 
proper constants and corrected for all known sources 
of. error. Load factors were obtained by dividing the 
average watts for each day by the demand value 
for that day, as indicated by the meter under con¬ 
sideration. The several load factors determined by 
a meter of one time period and type for the several 
day’s run were then averaged and the mean of these 
taken as one of the points upon the final curve. 

Attention is here called to the indication of the 
Siemens meters occasionally being higher than the 
corresponding reading of the standard instrument, 
which would not seem in accord with the theories of 
that instrument. This is due to the uncertainty of 
the meshing of the gears, which introduced a possible 
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error of about 1 per cent of the full scale of 300 degrees. 
On some occasions, when the reading was well down 
on the scale, this error would be greatly magnified, 
and increase or decrease the reading by several per 
cent. As all meters of this class are to a greater or 
less extent subject to this fault, it was taken as one of 
the characteristics of the type, and no effort made to 
correct for the inconsistency. 


MAXIMUM DEMAND AND LOAD-FACTOR MEASUREMENTS 
ON TESTING LABORATORY 


Type of meter. 

Per¬ 

iod. 

(mins.) 


Day 

1 

Day 

2 

Day 

3 


Aver¬ 

age 




Avg. 

Avg. 

Avg. 






watts. 

. watts. 

watts. 






671 

824 

660 




10 

Max. 








demand. 

879 

972 

742 





Load factor 

76.5 

84.9 

88.9 


83.4 


15 

M. D. 

858 

965 

730 





L. F. 

78.2 

85.5 

90.4 


84.7 

Logarithmic 

30 

M. D. 

845 

947 

720 





L. F. 

79.4 

87.1 

91.6 


86.0 


40 

M. D. 

848 

949 

712 





L. F. 

79.1 

87.0 

92.6 


86.2 


10 

M. D. 

792 

1013 

771 



..... . ,. ..... . . 


L. F. 

86.7 

81.3 

85.5 

... —.— 

-84,5 


20 

M. D 

766 

990 

764 





. L. F. 

87.6 

83.4 

86.4 


85.8 

Block Interval 

30 

M. D. 

750 

989 

754 





L. F. 

89.4 

83.4 

87.6 


86.8 


60 

M. D. 

758 

934 

745 





L. F. 

88.5 

88.3 

88.6 


88.5 


10 

M. D. 

945 

1040 

810 





L. F. 

71.0 

79.1 

81.5 


77.2 


20 

M. D. 

935 

1040 

800 





L. F. 

71.7 

79.1 

82.5 


77.7 

Mechanically 

30 

M. D. 

915 

1030 

795 



lagged 


L. F. 

73.4 

80.0 

83.0 


78.8 


60 

M. D. 

920 

1000 

790 





L. F. 

72.9 

82.4 

83.6 


79.6 


10 

M. D. 

788 

1020 

770 





L.F. 

85.1 

80.6 

85.7 


83.8 


20 

M. D. 

779 

989 

756 





L. F. 

86.0 

83.4 

87.4 


85.6 

Continuous 

30 

M. D. 

760 

89 

750 



recording 


L. F. 

88.0 

983.4 

87.9 


86.5 


60 

M. D. 

736 

950 

745 





L. F. 

91.1 

86.8 

88.5 


88.8 
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MAXIMUM DEMAND AND LOAD-FACTOR MEASUREMENTS 
ON RUBBER MANUFACTURING PLANT 


Type of meter, 

Per¬ 

iod. 

(mins.) 


Day 

1 

Avg. 

watts. 

445 

Day 

2 

Avg. 

watts. 

455 

Day 

3 

Avg. 

watts. 

440 


Aver¬ 

age 


10 

Max. 








demand. 

513 

545 

558 





Load factor 

86.7 

83.5 

78.7 


83.0 


15 

M. D. 

514 

534 

545 





L. F. 

86.5 

85.1 

80.6 


84.1 

Logarithmic 

30 

M. D. 

510 

520 

530 





L. F. 

87.2 

87.5 

83.0 


85.9 


40 

M. D. 

496 

504 

532 





L. F 

89.6 

90.3 

82.6 


37.5 


10 

M. D. 

551 

553 

570 





L. F. 

80.8 

82.2 

77.2 


80.1 


! 20 

M. D. 

530 

547 

563 




1 

L. F. 

84.0 

83.3 

78.2 


81.5 

Block Interval 

30 

M. D. 

536 

530 

550 





L. F. 

83.0 

85.8 

80.0 


82.9 


60 

M. D. 

513 

526 

539 





L. F. 

86.8 

86.5 

81.7 


85.0 


10 

M. D. 

615 

630 

706 





L. F. 

72.4 

72.3 

62.3 


69.0 


20 

M. D. 

618 

624 

650 





L. F. 

71.9 

72.8 

67.7 


70.8 

Mechanically 

30 

M. D. 

605 

605 

624 



lagged 


L. F. 

73.5 

75.2 

70.5 


73.1 


60 

M. D. 

588 

578 

587 





L. F. 

75.7 

78.7 

75.0 


76.5 


10 

M. D. 

538 

570 

544 





L.F. 

82.7 

79.8 

74.0 


78.8. 


20 

M. D. 

533 

550 

578 





L. F. 

83.5 

82.6 

76.1 


80.7 

Continuous 

30 

M.D. 

530 

538 

556 



recording 


L. F. 

84.0 

84.5 

79.1 


82.5 


60 

M. D. 

520 

514 

556 





1 L. F. 

85.5 

88.5 

79.1 


84.4 
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Maximum demand and load-factor measurements 


ON MACHINE SHOP 


Type of meter. 

Per¬ 

iod. 

(mins.) 


Day 

1 

Avg. 

watts. 

600 

Day 

2 

Avg. 

watts. 

777 



Aver¬ 

age 


10 

Max. 








demand. 

795 

1000 



76.5 



Load factor 

75.3 

77.7 



76.5 


15 

M. D. 

805 

955 






L. F. 

74.5 

81.4 



77.9 

Logarithmic 

30 

M. D. 

776 

900 






L. F. 

77.3 

86.4 



81.9 


40 

M. D. 

765 

855 






L. F. 

78.4 

91.0 



84.7 


10 

M. D. 

866 

960 






L. F. 

69.3 

80.9 



75.1 


20 

M. D. 

842 

906 






L. F. 

71.3 

86.7 



78.5 

Block Interval 

30 

M.D. 

824 

908 






L. F. 

72.8 

85.5 



79.2 


60 

M.D. 

802 

873 






L. F. 

74.7 

89.0 



81.9 


10 

M.D. 

989 

1152 






L. F. 

60.6 

67.3 



63.9 


20 

M. D. 

958 

1130 






L. F. 

62.6 

68.7 



65.7 

Mechanically 

30 

M.D. 

945 

1130 




lagged 


L. F. 

63.5 

68.7 



66.1 


60 

M.D. 

910 

1120 






L. F. 

65.8 

69.2 



67.5 


10 

M. D. 

895 

1060 






L. F. 

66.9 

73.2 



70.0 


20 

M. D. 

852 

937 






L. F. 

70.4 

82.9 



76.7 

Continuous 

30 ‘ 

M.D. 

834 

913 




recording 


L. F. 

72.0 

85.0 



78.5 


60 

M. D. 

821 

861 






L. F. 

73.0 

90.2 



81.6 
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maximum demand and load-factor measurements 


on BRASS rolling mill 


Type of meter. 

Per¬ 

iod. 


Day 

1 

Day 

2 

Day 

3 

Day 

4 

| Aver¬ 
age 


(mins.' 


Avg. 

Avg. 

Avg. 

Avg. 





watts, 

. watts. 

watts. 

watts. 





572 

622 

580 

590 



10 

Max. 








demand. 

/50 

800 

750 

810 




Load factor 

76.2 

77.7 

77.3 

72.8 

76.0 


15 

M. D. 

730 

780 

745 

790 


Logarithmic 

30 

L. F. 

M. D. 

78.4 

695 

79.6 

740 

77.8 

720 

74.6 

765 

77.6 



L. F. 

81.2 

84.0 

80.6 

77.1 

80.7 


40 

M. D. 

675 

748 

690 

750 




L. F. 

84.8 

83.0 

84.0 

78.6 

82.6 


10 

M. D. 

756 

832 

780 

837 




L. F. 

75.5 

74.7 

74.3 

70.4 

73.7 


20 

M. D. 

740 

803 

761 

817 


Block Interval 


L. F. 

77.2 

77.0 

76.1 

72.1 

75.6 

30 

M. D. 

730 

790 

746 

789 



L. F. 

78.3 

78.7 

77.7 

74.8 

77.4 


60 

M. D 

679 

750 

682 

756 




L. F. 

84.2 

82.9 

85.0 

78.0 

82.5 


10 

M. D. 

683 

750 

780 

835 




L. F. 

83.7 

82.9 

74.3 

70.7 

77.9 


20 

M. D. 

655 

710 

710 

800 




L. F. 

87.2 

87.5 

81.6 

73.7 

82.5 

Mechanically 

30 

M. D. 

600 

700 

680 

750 

lagged 


L. F. 

95.2 

88.8 

85.3 

78.6 

87.0 


60 

M. D. 

540 

620 

610 

610 




L. F. 

105.8 

100.2 

95.0 

96.6 

99.4 


10 

M. D. 

788 

840 

780 

825 




L. F. 

72.5 

74.0 

74.3 

71.5 

73.1 


20 

M D. 

750 

807 

773 

802 




L. F. 

76.2 

77.0 

75.0 

73.9 

75.5 

Continuous 

30 

M. D. 

729 

775 

765 

795 


recording 


L. F. 

78.5 

80.2 

75.8 

74.2 

77.2 


60 

M. D. 

675 

734 

727 

750 




L. F. 

84.6 

84.7 

79.7 

78.6 

81.9 


i 



8 
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MAXIMUM DEMAND AND LOAD-FACTOR MEASUREMENTS 
ON CITY TRAMWAY 


*• er- j 


Per- 


Day 

Day 

Day 

Day 

Aver- 


Type of meter. 

iod. 


1 

2 

3 

4 

age 



(mins.) 











Avg. 

Avg. 

Avg. 

Avg. 






watts. 

watts. 

; watts. 

watts. 


^_ 




297 

310 

| 491 

455 




10 

Max. 







1 


demand. 

482 

435 

809 

! 752 


* *0 



Load factor 

61.5 

71.2 

60.7 

60.4 

63.5 



15 

M D. 

497 

446 

772 

715 


» 6 



L. F. 

59.7 

69.6 

63.6 

63.6 

64.1 


Logarithmic 

30 

M. D. 

463 

428 

744 

701 





L. F. 

64.0 

72.5 

65.9 

64.9 

66.8 



40 

M. D. 

455 

426 

703 

663 


- 6 



L. F. 

66.2 

72.8 

69.7 

68.6 

69.3 



10 

M. D. 

500 

422 

746 

700 


- 7 



L. F. 

59.4 

73.5 

65.0 

64.9 

65.7 



20 

M. D. 

490 

420 

746 

704 


. 6 



L. F. 

60.6 

73.8 

65.7 

64.6 

66.2 


Block Interval 

30 

M. D 

450 

410 

740 

695 


.4 | 



L. F. 

66.0 

75.7 

66.3 

65.4 

68.3 



60 

M. D. 

402 

387 

669 

633 


* 5 | 



L. F. 

73.8 

80.0 

73.5 

71.8 

74 8 



10 

M. D. 

530 

445 

790 

700 


- 9 ! 



L. F. 

56.0 

69.7 

62.2 

65.0 

63.2 



20 

M. D. 

495 

400 

750 

585 


- S 



L. F. 

60.0 

77.5 

65.5 

77.7 

70.0 


Mechanically 

30 

M. D. 

435 

350 

658 

545 


* O 

lagged 


L. F. 

68.5 

88.5 

74.7 

83.4 

78.7 



60 

M. D. 

320 

290 

550 

423 


- 4 



L. F. 

92.8 

106.8 

89.3 

107.5 

99.1 



10 

M. D. 

500 

424 

782 

724 


. 1 



L. F. 

59.4 

73.1 

62.8 

62.8 

64.5 



20 

M. D. 

479 

415 

765 

710 


. 


L. F. 

62.0 

74.6 

64.2 

64.1 

66.2 

2 ' ! 

! Continuous 

30 

M. D. 

466 

408 

735 

697 



recording 


L. F. 

63.8 

75.9 

66.9 

65.2 

67.9 

L - 9 


60 

M. D. 

461 

402 

708 

677 




L. F. 

64.4 

77.1 

69.4 

67.1 

69.5 
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Discussion on “The Measurement of Maximum 
Demand and the Determination of Load 
Factor”, (Borden), Philadelphia, Pa., Oc¬ 
tober 8,1920. 

Paul M. Lincoln: It is rather surprising to see 
the results which Mr. Borden has obtained. For 
instance, to make a comparison of the results shown 
by the tables pages 1881 and 1883. In the table on 
1*83 on one character of load, one of the types 
of demand meter shows somewhere from 110 to 130 
per cent of the arithmetical average, while exactly 
the same comparison in table on 1881 shows 
somewhere between 60 and 80 per cent. That is 
there is a variation all the way from 60 per cent to 
130 per cent,—for this particular type of meter as 
compared with the arithmetical average. 

There is a reason for that, which reason Mr. Borden 
has not given clearly in his paper, and I want to go 
into these comparisons a little more in detail, and to 
accompany this with a plea for the kind of average 


I 

I 

g 


STFAOY CONTINUOUS.iO <f> SUPERIMPOSED 3 Min. PEAK 
jqq ___ 30 Min. Average = 100 



Fig. 1 


given by the logarithmic or thermal storage type of 
demand meter. 

It has always been my argument that the logarith¬ 
mic average, which is the type of average measured 
by a thermal meter—gives a more equitable measure¬ 
ment of demand than does the arithmetical average 
or the average measured by any other type of meter, 
and I want to give you a few examples of theoretical 
load conditions, which to my mind prove that. 

Unfortunately, Mr. Borden’s results, given in his 
tables and the section of load curve which he gives 
are not necessarily conclusive; that is, the particular 
section of the curve which he shows, is not, I believe, 
the section which gives the maximum demand of the 
day. 

The illustrations in this discussion show certain 
characters of load, and show the amount by which 
the various types of demand meters will vary when 
measuring certain characteristics loads. 

For instance. Fig. 1 shows a steady load upon which 
a peak is superposed for a short time. That probably 
is most characteristic type of load we will meet in 
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practise. It shows a load supposed to have continued 
steady. indefinitely at a value of 99 per cent, and then 
for three minutes it increases to 109 per cent or a 10 
per cent increment for 3 minutes, and then drops back 
to the original amount. The arithmetical average 
of these quantities over a thirty minute period is just 


| 


2 


STEAOY CONTINUOUS,20 ft SUPERIMPOSED 5 Min. PEAK 
_3Q Min. Average = 100 

Readings ft 


Megh.* 116.1 

.. ./mo 

Block i 98.7 

0 5 10 15 20 25 30 

MINUTES 


Fig. 2 


100 per cent, so that if that load is measured on an 
arithmetical average meter it will measure just 100 
per cent. 

If you measure the same load with a thermal stor¬ 
age meter, it will show 100.6 or 0.6 above the arith¬ 
metical average. The mechanically lagged meter 



Fig. 3 


will show 109 per cent, and the block interval meter, 
that is the arithmetical average meter, which may 
split the load at any point, will show a maximum of 
100 per cent, and a minimum of 99.5. 

If the magnitude of the peak is somewhat enlarged 
both in time and amount as shown in Fig. 2, making 



a condition where we have practically 97 per cent of 
load for 25 minutes, followed by a 5 minute interval 
of 116 per cent, or 20 per cent peak on top of the steady 
load; the comparison of the various types is given in 
Fig. 2; the thermal storage meter registers 101.9, the 
mechanically lagged meter 116.1 and the block interval 
a minimum of 98.7 and a maximum of 100, depending 
on the location of the time split. 
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In Fig. 3 is another case where the increment of 
load is 50 per cent superposed for 10 minutes. In 
this case the thermal storage meter will register 106.4 


STEADY CONTINUOUS, WITH SUPERIMPOSED PEAK OF 
5 Min. BLOCKS, EACH 20 St> GREATER THAN PRECEEDING 



III 15 20 

MINUTES 


Fig. 5 

or 6. 4 above the arithmetical average, the mechanically 
lagged meter 128, and the block interval meter will 
register 92.8 as a minimum and 100 as a maximum 
depending on the location of the time split. 



Fig. 4 is another case where there is 100 per cent 
peak superposed on top of a steady load, the duration 
of the peak being 15 minutes. The thermal storage 


ISOLATED BLOCK, 300 ft FOR ONE THIRD OF PERIOD 



meter reads 109.4, or 9.4 per cent above the arithmetical 
average, the mechanically lagged 33.3 per cent above, 
a nd the block interval either 100 or 83.3, depending 
n the location of the time split. 






'’WE' 
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In Fig. 5 is another load where there is a series of 
increments each of 5 minutes duration, each 5-minute 
period being 20 per cent in excess of the previous period. 
Here again the load is adjusted so that the arithmetical 
average over the whole 30 minutes is 100 per cent 


ISOLATED BLOCK,200 $ FOR ONE HALF OF PERIOD-,, 



with that type of load, the thermal storage meter 
will indicate 108.5, the mechanically lagged 150.3, 
and the block meter 100, as the maximum, and the 
80.2 as the minimum depending on the location of 
the time split. . 

In another class of load as shown in Fig. 6, where 

• 1 100 - 
! so¬ 
il O' 

Fig. 9 



we assume that the maximum load comes as one iso¬ 
lated block. A load that runs to 600 per cent of nor¬ 
mal and lasts for only five minutes. The arithmetical 
average of such a load is 100 per cent and the arith¬ 
metical average meter -will read 100 per cent, while 
the thermal storage meter will read 158, and the 


ISOLATED BLOCK. 100 PER CENT FOR FULL PERIOD. 
30 Min. Average=100 Per Cent 



10 15 20 

MINUTES , 

Fig. 10 


block interval meter either 100 or 50, depending on 
the location of the time split. 

In such a load, we all recognize that the heating 
effect of a load which goes to six times normal and 
stays there for five minutes, is much greater than one 
which goes to normal and stays for 30 minutes. 
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_I believe that the customer who insists on taking 
his entire 30 minutes quota of load in five min utes 
and then is idle for 25 minutes should be penalized 
for taking his load in that manner and the thermal 
storage meter does this automatically. 

Fig. 7 is a condition of an isolated block of load, 
consisting of 300 per cent for ten minutes. On such 
a load the thermal storage meter will read 145, the 
mechanically lagged or R. 0. 100 per cent, and the 
block interval either 100 or 50 per cent depending 
on the location of the time split. 

For a 200 per cent load, lasting 15 minutes, as shown 
in Fig. 8, the thermal storage meter will read 128, 
and the mechanically lagged or R. O., 100, and the 
block interval either 100, or 50, depending on the 
location of the time split. There again, we have • 
characters of load which give us much more heating 
than they would if the load were evenly spread through¬ 
out the entire time period. 

In Fig. 9 we have 120 per cent load for 25 min utes 
A load of that kind will give us on the thermal storage 


200 * 
| 150 

g 100 
1 50 


CONTINUOUS,FLUCTUATING,! Min. PERIOD OF 0 % & 200 % 



Fig. 11 


meter 103.5, on the mechanically lagged meter or 
jR. O. meter 100 per cent, and block interval meter, 
either 100 per cent, or 50 per cent, depending on the 
location of the time split. 

Fig. 10 is a block of 100 per cent load of just 30 
minutes, and the thermal storage meter gives 90 per 
cent, the mechanically lagged 100 per cent, and the 
block interval 100 per cent of 50 per cent, as the 
case may be depending on the location of the time 
split. The thermal storage meter in that case does 
not reach the full 100 per cent reading for the reason 
that it always indicates the heating effect of a given 
load independent of how that load is taken. If this 
load is continued steady, the thermal storage meter 
"will indicate 99 at the end of the second 30 minute 
period, 99.9 at the end of the third, 99.99 at the end 
of the fourth, etc. Thus its indication follows the 
true thermal or logarithmic law. 

We have another class of load, the continuously 
fluctuating load. In Fig. 11 I have shown a continu- 
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ously fluctuating load consisting of one minute periods, 
of alternatmgly zero load and 200 per cent load. If 
we put such a load on the various types of meters, 
they will register as follows: thermal storage meter 
100.2; the mechanically lagged, 6.67 and the block 
interval 100. The mechanically lagged meter will 
read only a small fraction of the load due to its property 
of following a descending load instantly. 


CONTINUOUS, FLUCTUATING, 5 Min. PERIODS OF 0 * & 200 9 


i“l P 

= 100 -JOMin.Avera 



- 


10 15 20 

MINUTES 


Fig. 12 


Readings 
Therm. = 109.2 
Megh. = 33.3 

L , i 100 - 0 
Block 1100.0 


Fig. 12 shows the effect of spreading the time period 
to 5 minutes instead of one minute, and again, in 
Fig. 13 to ten minutes. The comparisons of the va¬ 
rious types of meter are given in the figures. 

I think it will be seen that a study of these theoret¬ 
ical charts will indicate the reason for the vast vari¬ 
ation in the indication of the various types of demand 
meters. I think Mr. Borden has done a service of 
great value in showing just what the comparative 
operation of these various classes of meters is, not 
only on theoretical loads such as I have shown here, 
but upon actual loads in the conditions of regular 
service. 

C. I. Hall: To my mind, the valuable portion of 
this paper is concerned with the actual comparison 
of various kinds of demand meters on usual and prac¬ 
tical kinds of loads. The attempt to analyze the mea- 



Fig. 13 


surement of demand theoretically is a good deal like 
a problem in psychology. It is not definitely capable 
of being determined under fixed conditions, on account 
of the fact that the conditions are always variable 
and are always varying. Therefore, it is necessary 
to my mind, rather than to attempt to consider it 
from the theoretical point of view, to consider it prac- 
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tieally and to amass a large amount of data. Any 
problem of this character requires a very large amount 
of data in order to reach proper conclusions rather 
than a mathematical discussion. 

It is an old adage that figures can never lie, and 
yet they can be very misleading. An analysis of 
freak load conditions can lead to extremely erroneous 
conclusions. However, the thing I am trying to bring 
out in connection with Mr. Borden’s paper is the fact 
that it has entirely gotten away from that point of 
view, and discusses these actual load conditions by 
installing various classes of demand devices on loads 
that were actually running, apparently, in Canada. 

The data he has presented, it seems to me, have carried 
out exactly the ideas that have come about from the 
presentation of data in the past. Integrated demand 
has been defined in the Code for Electricity Meters 
as the standard. First we must determine how the 
various devices vary from that fixed standard, and 
second, the extent to which the time interval may 
affect the record. We have the old bugbear of the 
split interval. It begins to sound like a split infinitive. 

The variation under theoretical conditions is not 
what is of interest to us, but the variation under 
practical conditions of rate-making. The data pre¬ 
sented indicate that the amount of that variation 
in the block interval as compared with standard or 
elapsed interval, is negligible on the long time intervals 
and increases as the interval becomes shorter. That in¬ 
crease is to be expected. These variations, however, at 
the very short intervals as indicated in Mr. Borden’s 
paper, I believe to be of interest. The maximum of 
these on the 10-minute interval, as shown on the load 
of the small machine shop, is approximately 7 per 
cent. The minimum is something less than one per 
cent and the average variation at the 10 per cent point 
is 2.1 per cent. _ In each case you must keep in mind 
that this variation is of a lower value than the stand¬ 
ard. 

There is one point which may be of interest. In 
the discussion of the use of graphic type of demand 
meter in recording the demand, I differ somewhat 
from Mr. Borden’s point of view in looking at the amount 
of the variation. I always liked to consider that a 
graphic meter, which is of course always damped, is 
a lagged type of demand meter in which the record 
will, of course, vary with the time interval of lag. 
That is precisely the condition that exists in the two 
curves the author shows in Fig. 4. The one to the 
left is a very lightly lagged demand meter, and 
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the one to the right much more heavily lagged, 
and therefore the indications of the heavily lagged 
are lower than those of the less heavily lagged. 

I think it is well to lay additional stress on Mr. 
Borden’s point that the variation of the time inter¬ 
val is not greatly important in the variations of demand. 
He states that “except upon the most fluctuating 
loads, the demand meters of one type, and of different 
time periods gave indications which generally, within 
the limits of accuracy of the individual instruments, 
were in close agreement with one another.” That 
statement has been made heretofore many times, 
and supported by a great mass of data, although it 
still is the point which comes up constantly for dis¬ 
cussion. 

I wish to criticise, to a certain extent, the con¬ 
clusions under Summary—Part III, Section 3 and 
Section 5; after reading them, it is found that they 
are statements entirely unsupported with data. It 
is usual in making a bald statement of that character 
to support it with data, so that the exact amounts 
of variations may be obtained. He states again, at 
the end of conclusion 6—“But when the peak came 
late in the day after a long-continued run, the load 
factor as given by the logarithmic meter approached 
the arithmetical load factor, and in some cases ac¬ 
quired a lower average value. This is consistent 
with the heating of electrical apparatus.” It was 
my impression that this paper was a discussion of 
data, very valuable data, which have been actually 
obtained, rather than a discussion of rate-making. 
This verges closely on the rate-making problem, and 
we are concerned largely with the fact that the device 
varies from the standard, rather than what that va- 
raiation may take into account. 

Section 1 of the main conclusions reads: “In the 
determination of demand it is not feasible to obtain 
a quantity which will fairly represent all of the factors 
to be taken into consideration. It is probable that 
the most logical quantity will be found in the volt- 
amperes of the load.” It seems to me personally 
that that is not a proper method of attacking the 
solution of the problem we have before us. The mea¬ 
suring of a thing undesirable both to the customer and to 
the central station is not a method of arriving at a 
final solution of the problem, but is merely a penali¬ 
zation of both the customer and central station for a 
condition which exists. The method of. attack _should 
be the elimination of these undesirable functions in 
central station operation rather than the metering of 
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them and the charging of them to the customer. In 
conclusions 5 he says: “Individual readings of the log¬ 
arithmic meters are more consistent, and usually 
closer to the true value of the arithmetical averages 
than are the individual readings of the Merz meters.” 
That is again verging on the theoretical considerations 
that may be of interest to some of us, but are of no 
commercial interest. 

The important point is, how do these devices per¬ 
form under normal conditions of operation, and with¬ 
out respect to the rate-making conditions involved— 
do they measure the quantity properly? That is 
the point we are interested in. 

Rather marked attention is called in Mr. Borden’s 
paper to the apparent discrepancy in results due to 
the _ increased readings of the block interval type of 
device over the lapse time interval arrangement. 
The point which Mr. Borden has laid stress on in that 
connection is that engagement of the mesh is apparently 
the only thing which can lead to this discrepancy; 
that is, the engagement of the mesh in the gears of 
the Siemens meter, which is used. It must be pointed 
out that there are observational errors which may 
have crept into the record taken from the so-called 
scrap heap ’ meter which he has built up. 

W. H. Pratt: The author has mentioned the measure¬ 
ment of volt-amperes, and he has also stressed the 
pomt m his presentation, and I think it is proper to 
state that there are at present available meters that 
will measure volt-ampere hours. 

. The principle on which these meters are constructed 
is this: a wattmeter measures the product of volt- 
amperes and the cosine of an angle which is the differ¬ 
ence between the angle of lag of the current in a circuit 
and a characteristic angle of the instrument itself. 
If this characteristic angle of the instrument is made 
zero, the instrument measures watts, and thus we have 
the wattmeter similarly the watthour meter. 

If, however, the characteristic angle is given some 
value other than zero, it is possible to make the in¬ 
strument read a quantity which over a moderate 
range of angle is volt-amperes. 

For power factors of 0.90 and below a considerable 
range may be covered. I think if you picture in your 
mind the form of the cosine curve, and remember 
that thirty degrees displacement corresponds to a 
power factor of about 87 per cent and that a cosine of 
22 degrees is 0.98, you can see that by adjusting an 
instrument with an angle displaced by 11 degrees, 
and calibrating it one per cent fast, you could record, 
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a maximum error not exceeding one per cent, over 
tlae range of 22 degrees. 

Twenty-two degrees plus another 22 degrees will 
cover a large range, and the second 22 degrees can be 
arranged by using two meters registering through a 
ra 'tchet device; that shaft running the more rapidly 
"Would be the only one producing a record, and in this way 
*b is possible to cover a range from about 0.90 down to 
o-3. Other ranges can be provided for. 

The author also mentioned the measurement of 
ampere squared' hours, and I will state that meters 
for measuring this quantity have been produced and 
"these meters have been put to a practical use. 

F*. A. Borden: You will observe that Mr. Lincoln, 
111 discussing the subject, has viewed the matter of 
demand measurement soley upon the basis of heating 
of equipment. Now, while heating is an important 
factor, we must also take into consideration the matters 
of regulation and demands upon the mechanical ca¬ 
pacity of the system, which will include turbines, 
penstocks and water or fuel supply. We cannot, 
"therefore, look upon heating as the sole consideration, 
however important it may be. 

dVIr. Hall, in his reference to the graphic meter, 
stated that he considers the graphic wattmeter as a 
demand meter lagged through short time periods. It 
is doubtless a lagged meter of a short time period, 
but, unfortunately, we do not, in computing demands 
from the charts of graphic meters, consider it as that. 
My experience has been that in estimating demands 
from graphic wattmeter charts, we consider the chart 
as being an absolute record of all fluctuations,—that 
we look upon it as true “oscillogram” of the load curve 
and take little or no consideration of the damping 
of "the meter. If we are going to consider the damping 
of the meter this damping must have a definite value, 
and in very few curve-drawing meters is this so. 
NVTnile an effort is made to have some meters dead¬ 
beat, most types provide an adjustment for differing 
classes of load, and in many types the degree of damp¬ 
ing is noticeably susceptible to temperature changes. 
It is certainly not usual when reading the charts to 
consider damping characteristics of the meter. 

I regret that I omitted to present certain data which 
formed the bases of my conclusions. The tests which 
I made resulted, of course, in an. immense volume of 
figures. These I compiled and condensed to the degree 
in which they appear in the Appendix. The actual 
meter readings, which would appear to have no value 
which would justify their preservation, have been 
destroyed. 
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If I have trespassed upon the field of the rate maker, 
I can assure Mr. Hall that I have not done so with 
design. As it was, I found it necessary to revise parts 
of my paper many times in my endeavor to avoid this 
subject, and considering how closely associated are 
the two subjects, “demand measurement” and “rate 
making”, I think Mr. Hall should have congratulated 
me upon segregating them as thoroughly as has been 
done. 

Mr. Hall is of the opinion that a consideration of 
volt-amperes amounts to a penalization for the use 
of volt-amperes. What should be done is to provide 
something that would eliminate the necessity of using 
volt-amperes. When we begin to penalize people for 
low power factor, that is one of surest ways to bring 
about a condition which will tend to the elimination 
of low power factor. As to the meshing of the gears 
in the instruments, I may say that when I found meters 
reading higher than they theoretically should have 
done, I made tests, which satisfied me that the con¬ 
dition actually existed. The manner of the meshing 
of the gears would sometimes introduce discrepan¬ 
cies of as much as five per cent of the indication. 

Mr. Pratt has made reference to the volt-ampere- 
hour meter. The idea of giving a wattmeter a charac¬ 
teristic angle other than zero so as to make it read 
approximately the volt-amperes in the circuit is not 
entirely new. I have studied the scheme to a certain 
extent in connection with integrating meters. There 
might be cases where the system would be desirable 
if it could be introduced without further confusing 
the issue of trying to explain power factor to a non¬ 
technical customer. 

In the distribution of charges upon the basis of the 
ampere-squared meter, so called, we must consider 
the fact that though the total losses due to resistance 
are in direct proportion to the square of the total 
current in the circuit, the losses may not be distributed 
in proportion to squares of the several currents which 
go to make up the total. If A takes 25 amperes and B 
takes 30 amperes from the one transformer, it does 
not follow that the copper losses due to the currents 
will be. in direct proportion to their squares. The 
ratio will depend not only upon the actual magnitude 
of the currents but upon their phase angles in respect 
to the line voltage and to each other. 


Presented at the 365th Meeting of the Ameri¬ 
can Institute of Electrical Engineers, 
Chicago, 111., November 12, 1920. 
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STUDIES IN LIGHTNING PROTECTION ON 
4000-VOLT CIRCUITS—II. 


BY D. W. ROPER 

Commonwealth Edison Co., Chicago. 

The paper continues the investigations described 
by the author in another paper on the same subject 
presented before the Institute in June, 1916 which 
had for its primary object the reconciliation of the 
differences between laboratory experiments and 
experience in service. 

In the paper an endeavor is made to list the several 
factors which affect lightning arrester performance 
and to describe the methods of eliminating these several 
variables so as to permit the presentation of curves 
which show the relative merits of the arresters under in¬ 
vestigation. The elimination of the several variable fac¬ 
tors was accomplished by placing the arresters under 
practically identical conditions so that no type was at 
any material advantage or disadvantage on account 
of the preponderance of the factors which would 
affect its performance. This was found to be possible 
for all of the factors except the one relating to density 
of the arresters, that is, the number per square mile, 
so that the final curves show the performance of the 
several types of arresters as affected by . their density. 
These results show that four of the types of arresters 
are practically identical in their protective value and 
about 60 per cent as efficient as a fifth type, while the 
results for the sixth type, being limited to a much 
smaller number of arresters, and a shorter period of 
time, do not appear to be conclusive. 


1. Introduction 

T HE investigations forming the basis of this paper 
as well as the previous paper 1 on the same 
subject had as their primary object the deter¬ 
mination of the relative merits of the several types of 
lightning arresters which were installed on the 60- 
cycle distribution system of the Commonwealth Edison 
Company in Chicago. The previous investigations 
had indicated in a general way the several factors 
which affected lightning arrester performance and also 
the extreme variability of the distribution and inten¬ 
sity of the lightning storms, from which it appeared 
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that in order to get reasonably accurate results, it 
would be necessary to accumulate the experience 
with a large number of arresters over a period of several 
years. The keeping of systematic records of lightning 
arrester performance as outlined in the previous paper 
was, therefore, continued and the manufacturers of 
the arresters were advised from time to time of the 
results. These data showed some slight variations 
from year to year, but the order of merit of the lighte¬ 
ning arresters as shown by the figures given in the 
previous paper was not altered. In the meantime the 
manufacturers of the arresters had on their part been 
making investigations and experiments for the purpose 
of improving their designs, and one of them, as a re¬ 
sult of such laboratory experiments, presented a table 
of figures which he stated represented the relative 
merit of the various types of arresters. The experience 
obtained in Chicago, however, did not substantiate 
the results of the laboratory experiments and placed 
the arresters in quite a different order. In the hope 
of reconciling these differences and reaching conclu¬ 
sions, acceptable to all interested parties, regarding 
the relative merits of the several types of arresters, an 
investigation was started about a year ago in which 
the manufacturers cooperated. In the following, the 
methods used in this investigation and the final re¬ 
sults secured are set forth. 

2. Description of the System 

The system of distribution on which these investi¬ 
gations were made is a four-wire three-phase system, 
with the neutral grounded only at the substations. 
The normal potential on the distributing mains is 
2080 volts between phase and neutral wires. The 
distribution pole lines are in the alleys, or along the 
rear lot lines in the center of the block where alleys are 
missing. Single-phase transformers are used exclus¬ 
ively and are connected between the phase and neutral 
wires except in the case of three-transformer three- 
phase installations in which case the common point of 
the transformer primaries is not connected to the 
neutral wire. Secondaries of power transformers are 
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connected in delta. Power and lighting customers are 
supplied from the same primary mains, but the very 
large customers are connected to a 12,000-volt system. 
The feeders are all No. 0 wire and the mains No. 6 
A. W. G. About 85 per cent of the feeders and 15 per 
cent of the mains are underground. About 99 per 
cent of the transformers are on poles and the rest in 
manholes or in vaults on customers’ premises. At 
single-transformer installations a 2400-volt arrester 
is connected to the same phase wire as the tr ansf ormer 



Fig. 1—Diagram Showing the Number op Each Size op 
Transpormer in Service on August 1st, 1918 

and a 300-volt arrester to the neutral wire. Where 
three transformers are installed for a power service 
there are three 2400-volt arresters, one connected to 
each of the phase wires; and one 300-volt arrester is 
connected to the neutral wire. Arresters are installed 
in this manner on the same pole with all transformers. 
The lightning arrester ground consists of one-half 
inch galvanized iron pipe ten feet long, driven into 
the ground at the base of the transformer pole. Sec¬ 
ondary circuits are usually less than one block long 
and the secondary ground is similar to the lightning 
arrester ground, but is installed on the next pole. 
On long secondaries there are at least two such ground 
connections and in addition the neutral wire on the 
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customer's premises in many recent installations is 
grounded to the water pipes inside of the building. 
Where there are four primary wires in an alley they are 
installed on the top arm and the secondaries on the 
second arm. Where there are only two primary 
wires the lighting secondaries may be installed on the 



Fig. 2—Electrical Diagrams of the Lightning Arresters 
Used in These Investigations 

The gaps are conventional and do not show the actual shape of the gaps 
on all of the arresters. 

Arresters E and F have identical diagrams and difier principally in 
mechanical details, the amount of resistance and the length of the re¬ 
sistance rod. 

Diagram G shows a type which was installed in 1920. 

Diagram H represents the neutral 300-volt arrester installed on the 
neutral. 


same arm. More than 80 per cent of our poles are 
owned jointly with the Telephone Company, and there 
is a minimum clearance of four feet between the wires 
of the two companies. In order to regulate the volt¬ 
age properly, the area supplied by each feeder is divided 
into three portions corresponding to the three phases, 
and the single-phase lighting load in each portion is all 
connected to one phase. Arresters similar to those 
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installed for the protection of transformers are installed 
on the cable poles where the underground feeders or 
mains connect with the overhead wires. The distri¬ 
bution system at this time includes about 100,000 
poles, 20,000 transformers with a total capacity of 
about 270,000 kv-a., 6500 conductor miles of overhead 
primary line wire, 2200 conductor miles of underground 
cable and 2500 cable poles. The system serves about 
400,000 customers. 



Fig. 3—Graphical Record Showing the Number op 
Transformers in the Distribution System and the Per 
Cent op Transformer Troubles Each Year Over a P eri od 
of Years 

In Fig. 1 is shown the number of each size of trans¬ 
formers on the line as of August 1st, 1918. This date 
was selected for the purpose of the calculations, as the 
number of transformers in service on that date was 
about the average of the number in the five-year 
period under investigation. Fig. 2 shows electrical 
diagrams of all of the lightning arresters used in the 
investigations. The letters shown on this diagram 
are consistently used throughout the several tables, 
diagrams and curves. Fig. 3 shows graphically the 
number of transformers on the distribution system 
over a period of years, as well as the percentage of 
transformer primary fuses blown and transformers 
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burned out by lightning each year. The increase in 
the percentage of fuses blown during the years 1918 
and 1919 was due to causes definitely known to be 
entirely distinct from lightning, but as some of these 
fuses were blown during the same day as lightning 



Fig. 4—Diagram Showing the Percentage of Transformers 
Burned out in Each Storm for the Years 1915-1919 In¬ 
clusive 

storms, they were included with fuses blown by light¬ 
ning because of the impossibility of accurately de¬ 
termining just which fuses were blown by lightning 
and which by other causes. 

In Fig. 4 is shown the percentage of burn-outs of 
transformers for each storm during the five-year period 
and also for the year 1920, the percentages being 
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plotted cumulatively. From these records it will be 
noted that it is not unusual to have over one-third 
of the total trouble in any one year due to lightning 
occur in one or two days. A composite of these 
curves for the five-year period is shown in Fig. 5, 
from which it will be noted that on the average, the 
lightning is quite uniformly distributed throughout 
the i-Yi months from May 1st to September 15th, and 
that there is comparatively little trouble outside of 
this period. 

Fig. 6 is an outline map of the portion of the city 
covered by the distribution system on August 1st, 
1918, showing the section lines and the lightning ar¬ 
rester area numbers. These areas will be found to 



Fig. 5—-A Composite Diagram op the Transformer Burn- 
Outs for Years 1915-1919 Inclusive 


differ from those shown in the previous paper as some 
changes were made in 1917 for the purpose of trying 
another type of arrester, a new scheme of protection 
and incidentally securing a little better distribution 
of the various types of arresters over the different 
portions of the city. The shaded areas on this dia¬ 
gram will be referred to later in the paper. 

3. Preliminary Investigations 

From the previous paper and subsequent studies it 
appears that the factors which might affect lightning 
arrester performance are as follows: 

1. The system of distribution and the grounding of 
the neutral. 
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2. Primary terminal boards. 

3. The shielding effect of trees, buildings or wires of 
other companies. 

4. The resistance of the lightning arrester ground 
connection. 



Fig. 6 Outline Map op the City, Showing Section Lines 
and Lightning Akbesteb Abba Numbers 
T he lightly shaded areas show the sections in which arrester G shown 
in Fig. 2 was installed in 1920. The heavily shaded portions show the 
sections in which additional arresters of type A were installed in 1920 for 
the purpose of getting more conclusive information regarding this type. 


5. The maker of the transformer. 

6. The size of the transformer. 

7. The age and previous service record of the 
transformer. 

8. Variation in the distribution and intensity of the 
lightning. 
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9. The density of lightning arresters, that is, the 
number per square mile. 

10. The design of the arrester. 

Records were available for the five-year period 1915 
to 1919 inclusive and these records were carefully 
compiled in great detail and arranged systematically 
so as to set forth all facts which might influence the 
results. The history of each burnt-out transformer 
from the date of its purchase to the time of its burn¬ 
out was also assembled and tabulated. In Chicago 
the same system of distribution is used throughout 
the entire city and the neutral is grounded at each of 
the substations from which the circuits emanate, so 
that all types of arresters, as far as this point is con¬ 
cerned, are installed under identical conditions. 

The previous paper describes the earlier experiments 
which prove the disadvantage of primary terminal 
boards within the transformer case. As a result of 
these investigations the practise was established of 
removing the terminal boards from all transformers 
which were returned from the lines to the storeroom 
for any purpose such as changes on account of increased 
load or discontinuance of service. The number of 
transformers which returned to the storeroom in this 
manner during a year was on the average about equal 
to the number of new transformers added to the system 
so that the percentage of transformers in service with' 
primary terminal boards was rapidly reduced. It 
appeared from this investigation that the percentage 
of transformers with primary terminal boards was so 
low and the transformers so well distributed over the 
system that they had no appreciable effect on the rela¬ 
tive performance of the lightning arresters. 

In laying out the lightning arrester areas which were 
given in the previous paper, and which are also shown 
in Fig. 6 in this paper, it was the intention to arrange 
the boundaries of the areas and to distribute the sev¬ 
eral types of lightning arresters over the city so as to 
eliminate variables 3 to 8 inclusive as given in the 
above list. In order to determine whether this result 
had actually been secured, the records of the trans¬ 
former burn-outs due to lightning were carefully inves- 
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tigated in cooperation with the manufacturers of the 
arresters. The previous paper had indicated the dif¬ 
ference in the results as effected by the maker and the 
size of the transformer. In investigating these points 
we assumed that if the percentage of burn-outs of any 
one maker or any size of transformer which had 
been protected by any type of arrester was not seri¬ 
ously different from the percentage of such transformers 
protected by that type of arrester to the total on the 
system, then no type of arrester was at any disadvan¬ 
tage due to unequal distribution of such transformers 
on the system. 

An investigation of the records demonstrated be¬ 
yond question that the shielding effect of trees or 
buildings immediately adjacent to the lines consider¬ 
ably reduced the amount of damage on our lines from 
lightning. This was shown by the following facts : 

(a) The percentage of poles in the distribution system 
shattered by direct strokes is extremely small, being of 
the order of 1/400 of 1 per cent. This is very much 
smaller than the corresponding percentage for trans¬ 
mission line poles belonging to the same company in 
the flat open country in the southeastern portion of 
the city and is also smaller than experienced in general 
by companies having transmission lines crossing open 
country. That there are many direct strokes in every 
severe lightning storm is shown by the newspaper re¬ 
ports on the day following lightning storms, which 
record the most severe or unusual cases of damage to 
trees, church steeples, chimneys, or other portions of 
buildings and structures. 

(b) An investigation of the conditions surrounding 
the installation of 97 out of 529 cases covered by these 
investigations where transformers were burned out by 
lightning failed to reveal a single case in which the 
primary wires adjacent to the transformer were over¬ 
shadowed by high trees or buildings immediately ad¬ 
jacent. 

# By “spot checking” selected portions of each of the 
lightning arrester areas in cooperation with the repre¬ 
sentatives of the manufacturers, it appeared, although 
the shielding effect of trees and buildings was consid- 
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erable, that as far as could be determined without ma¬ 
king a detailed survey and record of the conditions in 
each block throughout the city, no type of arrester was 
at any serious advantage or disadvantage on this ac¬ 
count. 

With the idea that some of the transformer burn¬ 
outs might have been due to ground connections hav¬ 
ing a resistance so high as to render the arrester in- 



Fig. 7— Results of Tests of Resistance of Gbounds 
The line showing grounds on burned out transformers was made up 
from tests on arrester grounds at locations where 97 transformers burned 
out in 1919. The curve marked 2770 grounds shows the results of tests 
made in 1916 in cooperation with representatives of the Bureau of Stand¬ 
ards. 


effective, the resistance was measured at 97 locations 
where the surrounding conditions were also noted in 
detail, and the results are shown in Fig. 7. On the 
same figure is shown, in a similar way, the resistance 
of 2770 grounds, both lightning arrester and secondary 
grounds, which were tested in 1916., It will be noted 
from this figure that the resistance of the lightning ar¬ 
rester grounds at the points where the 97 transformers 
were burned out by lightning averaged slightly above 
the resistance of the much larger number tested three 
years earlier. It therefore, appears that the burn-outs 
‘were not due to particularly bad ground connections 
for the lightning arresters at the locations where the 
transformers burned out. 
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In the same manner the records and the conditions 
surrounding the transformer installations were care¬ 
fully and thoroughly examined to determine the effect 
of the other points 5, 6 and 7. These investigations 
included the assembling of the complete history of 
each transformer that had burned out during the five- 
year period and the compiling and assembling of all 
data which might serve to add to the information on 
the several points. On the completion of the investi¬ 
gation, the representatives of the manufacturers con¬ 
curred in the decision that none of the arresters appeared 
to be at any material advantage or disadvantage on 
account of the first seven variable factors in the above 
list, and these factors were, therefore, ignored in the 
further investigation. 

There still remain two variables, namely the vari¬ 
ability of the lightning, and the density of light nin g 
arresters. In determining the relation between the 
density of lightning arresters and their performance, 
a method was discovered of eliminating the effect of the 
lightning as a variable as described at some length 
later in the paper. 

4. The Effect of Density .of Lightning A rre stees 
on Their Performance 

A preliminary investigation of the effect of density 
was made by plotting the density of arresters in each 
original lightning arrester area against the percentage 
of burn-outs in that area. The points plotted in this 
manner were so irregular that they did not per mi t the 
drawing of any curve which might be considered as 
representing the results, but the method appeared to 
indicate that there was a very marked decrease in the 
percentage of burn-outs with increase in density which 
would warrant further investigation along this line. 
The results also indicated that some further subdi¬ 
visions of the original lightning arrester areas would be 
necessary in order to eliminate the lightning as a va¬ 
riable. The manner in which the records were kept 
enabled this change to be made very readily by using 
the section (that is, the square mile) as the unit, re¬ 
sulting in an increase in the number of areas from 19 to 
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192. For each one of these sections there was deter¬ 
mined from the records the number of transformers in the 
section as of August 1st, 1918. As there is an arrester on 
the same pole with each transformer, and comparatively 
few cases where there were two transformers connected 
to the same phase wire on the same pole, the number of 
transformers in each section was taken as the number 
of arresters. There was also determined for each sec¬ 
tion the number of transformer burn-outs and primary 
fuses blown by lightning during the five-year period 
and the actual area covered by the line. This latter 
quantity was determined by going over the large scale 
maps of the distribution system and assuming that a 
line through the center of the block covered the width 

TABLE i 

DATA FOR DETERMINING THE EFFECT OF DENSITY OF 
ARRESTERS ON THEIR PERFORMANCE 

The types of arresters are indicated in Fig. 2, the area numbers are 
shown in Fig. 6, the section numbers in Fig. 11. The stars (*) indicate 
the sections in which the type of arrester was changed in 1917. Figures 
for the average curve are taken from this table but due allowance for this 
change was made in plotting the curves for the individual arresters, using 
the additional data given in Table IA. 


Present 
type of 
arresters 

Area 

number 

Section 

number 

Number of 
transformers 
in section 

Number of 
burn-outs 
; in section 

Number of 
fuses blown 
in section 

Area actually 
covered by 
lines 

Density of 
arresters per. 
square mile 

Average per 
cent burn¬ 
outs per year 

C 

6 

325 

4 

0 

0 

0.45 

9 

0 . 

D 

IS * 

987 

1 

0 

0 

0.09 

11 

0 . 

D 

IS * 

1067 

4 

0 

1 

0.13 

31 

0 . 

D 

18 * 

1107 

1 

1 

0 

Q.03 

33 

20. 

D 

3 * 

103 

3 

0 

0 

0.09 

33 

0 . 

D 

18 * 

1025 

7 

0 

0 

0.18 

39 

0 . 

D 

3 * 

99 

7 

0 

1 

0.17 

41 

0 . 

C 

1 * 

61 

1 

0 

0 

0.02 

50 

0 . 

D 

IS * 

1059 

3 

0 

2 

0.05 

60 

0 . 

D 

3 * 

97 

5 

0 

2 

0.08 

62 

0 . 

F 

15* 

751 

8 

1 

2 

0.13 

62 

2.50 

D 

3 * 

237 

6 

0 

0 

0.09 

67 

0 . 

E 

5* 

271 

20 

2 

11 

0.30 

67 

2. 

D 

18 * 

1065 

19 

2 

0 

0.27 

70 

2.11 

F 

9 

447 

5 

0 

0 

0.07 

71 

0 . 

C 

14 

697 

6 

1 

1 

0.08 

75 

3.33 

F 

15 * 

725 

7 

1 

4 

0.09 

78 

2.86 

E 

17 

899 

30 

4 

9 

0.38 

79 

2.67 

C 

14 

815 

15 

0 

2 

0.18 

83 

0 . 

F 

15 * 

753 

26 

3 

4 

0.31 

84 

2.31 
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Present 
type of 
arresters 

Area 

number 

Section 

number 

Number of 
transformers 
in section 

Number of 
burn-outs 
in section 

Number of 
fuses blown 
in section 

Area actually 
covered by 
lines 

Density of 
arresters per 
square mile 

Average per 
cent burn¬ 
outs per year 

C 

14 

651 

63 

5 

10 

0.74 

85 

1.59 

D 

3 * 

95 

44 

4 

5 

0.52 

85 

1.82 

C 

6 

365 

18 

1 

0 

0.21 

86 

1.11 

B 

8 

517 

26 

0 

3 

0.29 

89 

0. 

E 

17 * 

945 

17 

3 

2 

0.19 

90 

3.53 

D 

3 * 

105 

22 

3 

3 

0.24 

91 

2.73 

D 

3 * 

136 

23 

4 

2 

0.23 

100 

3.48 

B 

8 * 

559 

10 

3 

6 

0.10 

100 

6.00 

F 

15 * 

809 

3 

0 

0 

0.03 

100 

0. 

E 

17 

901 

9 

0 

2 

0.09 

100 

0. 

D 

18 * 

1105 

4 

0 

1 

0.04 

100 

0. 

C 

14 

819 

47 

9 

14 

0.46 

102 

3.88 

E 

5 * 

273 

32 

2 

12 

0.31 

103 

1.25 

E 

17 * 

947 

33 

1 

5 

0.32 

103 

0.61 

D 

18 * 

1017 

GO 

6 

14 

0.55 

109 

2 . 

E 

17 

893 

65 

12 

29 

0.59 

110 

3.69 

B 

8 * 

601 

33 

2 

7 

0.30 

110 

1.21 

D 

3 * 

168 

22 

2 

6 

0.20 

110 

1.82 

C 

14 

817 

31 

1 

2 

0.28 

111 

0.65 

C 

14 

865 

20 

2 

11 

0.18 

111 

2. 

D 

3 * 

235 

48 

4 

5 

0.43 

112 

1.07 

C 

1 * 

41 

47 

1 

9 

0.42 

112 

0,42 

C 

14 

653 

80 

4 

13 

0.77 

112 

0 . 93 

D 

3 * 

94 

9 

2 

0 

0.08 

113 

0,44 

D 

3 * 

139 

25 

4 

3 

0.22 

114 

3.20 

D 

3 * 

239 

24 

0 

1 

0.21 

114 

0, 

D 

3 * 

137 

62 

5 

11 

0.54 

115 

1.61 

E 

17 

857 

51 

6 

10 

0.44 

116 

2.35 

F 

; 15 * 

727 

52 

\ 5 

0 

0.45 

116 

1.92 

F 

16 

863 

29 

4 

4 

0.25 

116 

2.76 

E 

17 

935 

22 

2 

6 

0 . 19 

110 

1.82 

D 

3 * 

199 

41 

4 

4 

0.35 

117 

1.95 

C 

14 

649 

41 

8 

8 

0.35 

117 

3.90 

D 

18 * 

1019 

25 

1 

6 

0.21 

119 

0.80 

C 

14 

701 

42 

2 

5 

0.35 

120 

0.95 

E 

17 

897 

36 

6 

31 

0.30 

120 

3.33 

B 

8 

515 

12 

1 

0 

0.10 

120 

1.66 

F 

15 * 

723 

6 

1 

2 

0.05 

120 

3.33 

E 

17 

933 

35 

2 

7 

0.29 

121 

1.14 

D 

3 * 

203 

88 

7 

13 

0.73 

121 

1.59 

C 

14 

099 

45 

2 

9 

0.37 

122 

0.89 

D 

3 * 

201 

53 

4 

4 

0.43 

123 

1.51 

B 

8A 

394 

32 

0 

8 

0.27 

3 23 

0 . 

E 

17 

975 

14 

2 

5 

0.11 

127 

2.86 

E 

17 

855 

35 

6 

22 

0.27 

130 

3.43 
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Present 
type of 
arresters 

Area 

number 

Section 

number 

Number of 
transformers 
in section 

Number of 
burn-outs 
in section 

Number of 
fuses blown 
in section 

Area actually 
covered by 
lines 

Density of 
arresters per 
square mile 

Average per 
cent burn¬ 
outs per year 

C 

14 

811 

92 

4 

11 

0.71 

130 

0.87 

E 

17 

895 

63 

7 

14 

0.48 

131 

2.22 

C 

14 

763 

105 

4 

13 

0.80 

131 

0.76 

D 

3 * 

171 

124 

7 

14 

0.94 

132 

1.13 

C 

14 

759 

104 

5 

10 . 

0.79 

132 

0.96 

D 

3 * 

241 

62 

5 

8 

0.47 

132 

1.61 

C 

6 

405 

16 

0 

1 

0.12 

133 

0 . 

B 

8 * 

561 

109 

4 

6 

0.83 

133 

0.73 

C 

14 

813 

44 

0 

9 

0.33 

133 

0 . 

B 

8* 

603 

39 

3 

19 

0.29 

134 

1.54 

E 

5* 

275 

80 

2 

12 

0.59 

136 

0.50 

E 

17 

937 

68 

3 

28 

0.50 

136 

0.88 

D 

3* 

169 

109 

6 

11 

0.81 

136 

1.08 

E 

17 

859 

22 

1 

3 

0.16 

137 

0.91 

B 

8A 

314 

49 

1 

7 

0.38 

137 

0.35 

E 

17 

977 

107 

13 

24 

0.78 

137 

2.43 

F 

16 

861 

36 

3 

3 

0.26 

138 

1.66 

C 

1 

65 

88 

2 

3 

0.63 

140 

0.46 

B 

8A 

605 

71 

3 

10 

0.49 

145 

0.86 

D 

3 * 

141 

76 

1 

12 

0.52 

146 

0.26 

C 

12 

571 

115 

2 

7 

0.78 

148 

0.35 

B 

8 

519 

75 

3 

8 

0.49 

153 

0.80 

D 

3 * 

205 

137 

6 

26 

0.89 

154 

0.88 

E 

17 

939; 

72 

6 

22 

0.46 

156 

1.66 

C 

14 

755 

128 

2 

18 

0.81 

158 

0.31 

D 

3 * 

143 

62 

0 

7 

0.39 

159 

0 . 

C 

14 

757 

119 

2 

6 

0.75 

159 

0.34 

C 

1 * 

63 

106 

4 

4 

0.66 

160 

0.75 

C 

14 

765 

70 

3 

9 

0.43 

163 

0.86 

C 

1 

43 

30 

0 

2 

0.19 

163 

0 . 

C 

14 

733 

74 

1 

6 

0.45 

164 

0.27 

C 

14 

703 

71 

3 

8 

0.43 

166 

0.85 

D 

3 * 

207 

139 

1 

25 

0.84 

167 

0.14 

D 

3 * 

173 

161 

7 

19 

0.96 

167 

0.86 

B 

8A 

315 

116 

2 

10 

0.72 

167 

0.33 

B 

2A 

145 

120 

8 

16 

0.73 

167 

1.29 

B 

2A 

109 

148 

2 

8 

0.86 

172 

0.27 

C 

14 

821 

85 

3 

11 

0.49 

174 

0.71 

D 

3 * 

243 

171 

2 

15 

0.98 

174 

0.23 

C 

14 

737 

54 

1 

5 

0.31 

175 

0.37 

D 

18* 

1099 

14 

3 

1 

0.08 

175 

4.28 

F 

4 

287 

132 

0 

5 

0.75 

176 

0 . 

E 

17 

907 

74 

3 

8 

0.42 

176 

0.81 

C 

14 

823 

16 

0 

3 

0.09 

177 

0 . 

F 

9 

445 

25 

1 

2 

0.14 

179 

0.80 
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B 

B 

C 

B 

E 

F 

D 

C 

C 

F 

E 

C 

C 

c 

B 

D 

C 

B 

B 

B 

F 

D 

C 

C 

C 

C 

E 

B 

C 

F 

F 

C 

B 

B 

B 

C 

B 

B 

F 

D 

F 

F 

C 

F 

B 


Area 

number 

Section 

number 

Number of 
transformers 
in section 

Number of 
burn-outs 
in section 

Number of 
fuses blown 
in section 

Area actually 
covered by 
lines 

Density of 
arresters per 
square mile 

Average per 
cent burn¬ 
outs per year 

2A 

107 

47 

2 

7 

0.29 

179 

0.77 

8 

475 

106 

2 

15 

0.59 

180 

0.38 

6 

367 

9 

0 

1 

0.05 

180 

0 . 

8 

435 

85 

4 

10 

0.47 

180 

0.84 

17 * 

905 

45 

1 

14 

0.25 

180 

0.44 

7 

357 

140 

0 

8 

0.77 

181 

0 . 

3* 

175 

161 

7 

16 

0.88 

183 

0.87 

14 

655 

132 

11 

17 

0.72 

184 

1.67 

14 

735 

32 

2 

1 

0.17 

188 

1.25 

7 

317 

176 

2 

10 

0.93 

190 

0.23 

5 * 

277 

166 

4 

15 

0.87 

191 

0.48 

14 

705 

176 

2 

8 

0.91 

193 

0.23 

12 

663 

70 

1 

3 

0.36 

195 

0.29 

6 

403 

166 

1 

8 

0.83 

199 

0.12 

8 

661 

123 

0 

7 

0.62 

199 

0 . 

18 * 

1015 

18 

0 

4 

0.09 

199 

0 . 

6 

407 

2 

0 

2 

0.01 

200 

0 . 

2A 

215 

77 

2 

7 

0.38 

202 

I 0.52 

8A 

395 

185 

2 

12 

0.94 

202 

0.21 

13 

709 

65 

1 

1 

0.32 

203 

0.31 

4 

247 

120 

5 

3 

0.59 

204 

0.83 

11 * 

521 

156 

5 

30 

0.76 

205 

0.64 

12 

615 

172 

1 

7 

0.84 

207 

0.12 

6 

319 

156 

6 

10 

0.76 

208 

0.77 

14 

607 

165 

4 

30 

0.79 

208 

0.48 

14 

657 

203 

6 

12 

0.97 

209 

0.59 

5* 

279 

201 

5 

27 

0.96 

210 

0.50 

8A 

354 

105 

1 

3 

0.50 

210 

0.19 

14 

867 

146 

8 

21 

0.69 

212 

1.10 

9 

485 

119 

3 

9 

0.55 

214 

0.50 

4 

245 

205 

2 

10 

0.95 

215 

0.20 

14 

761 

170 

7 

19 

0.79 

216 

0.82 

8 

437 

216 

1 

13 

0.99 

218 

0.09 

13 

659 

196 

4 

14 

0.89 

221 

0.41 

2A 

211 

218 

2 

7 

0.99 

221 

0.18 

14 

609 

84 

2 

11 

0.38 

221 

0.48 

8A 

355 

122 

0 

4 

0.55 

221 

0 . 

2A 

177 

209 

4 

11 

0.97 

221 

0.37 

9 

525 

152 

9 

17 

0.68 

224 

1.18 

18 * 

979 

142 

6 

15 

0.63 

226 

0.85 

9 

613 

159 

0 

5 

0.79 

227 

0 . 

9 

610 

98 

6 

9 

0.43 

228 

1.23 

1 * 

39 

7 

1 

1 

0.03 

231 

2.86 

7 

397 

188 

2 

5 

0.80 

235 

0.21 

8 

477 

221 

2 

19 

0.94 

235 

0.18 
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Present 
type of 
arresters 

Area 

number 

Section 

number 

Number of 
transformers 
in section 

Number of 
burn-outs 
in section 

Number of 
fuses blown 
in section 

Area actually 
covered by 
lines 

Density of 
arresters per 
square mile 

Average per 
cent burn¬ 
outs per year 

B 

13 

711 

112 

1 

5 

0.47 

238 

0.18 

D 

11 * 

441 

179 

4 

9 

0.75 

! 238 

0.45 

B 

2A 

147 

193 

0 

9 

0.82 

238 

0 . 

F 

9 

569 

235 

1 

8 

0.97 

242 

0.09 

C 

14 

563 

68 

3 

10 

0.28 

243 

0.88 

C 

12 

641 

32 

0 

2 

0.13 

246 

0 . 

A 

10 * 

523 

118 

3 

14 

0.47 

249 

0.51 

B 

2A 

213 

227 

1 

10 

0.94 

250 

0.09 

F 

4 

281 

238 

5 

13 

0.95 

250 

0.42 

C 

14 

869 

53 

1 

4 

0.21 

252 

0.39 

F 

4 

251 

129 

2 

4 

0.53 

253 

0.31 

F 

9 

611 

129 

4 

19 

0.51 

253 

0.62 

B 

2A 

179 

204 

3 

4 

0.80 

255 

0.29 

D 

3 * 

209 

161 

2 

11 

0.63 

256 

0.25 

A 

10 * 

443 

203 

3 

11 

0.78 

259 

0.30 

D 

11 * 

479 

129 

3 

9 

0.49 

263 

0.47 

A 

10 * 

483 

153 

1 

13 

0.57 

269 

0.13 

C 

14 

731 

108 

1 

4 

0.39 

277 

0.19 

C 

6 

399 

263 

3 

16 

0.95 

277 

0.23 

F 

4 

283 

267 

1 

18 

0.96 

278 

0.08 

F 

9 

567 

224 

6 

22 

0.79 

286 

0.54 

D 

11 * 

439 

183 

0 

11 

0.64 

286 

0 . 

F 

4 

249 

287 

7 

17 

0.99 

289 

0.49 

C 

6 

323 

183 

2 

9 

0.63 

291 

0.22 

C 

6 

321 

284 

10 

23 

0.95 

298 

0.70 

C 

12 

665 

6 

0 

0 

0.02 

300 

0 . 

C 

6 

359 

226 

2 

15 

0.75 

303 

0.18 

B 

13 

707 

119 

1 

6 

0.39 

305 

0.17 

F 

4 

285 

243 

7 

15 

0.77 

316 

0.58 

C 

6 

363 

264 

7 

12 

0.82 

322 

0.53 

B 

11 * 

481 

113 

0 

8 

0.35 

323 

0 . 

C 

6 

401 

315 

5 

20 

0.95 

325 

0.32 

C 

6 

361 

318 

5 

27 

0.95 

335 

0.31 

B 

13 

687 

98 

0 

2 

0.29 

338 

0 . 

C 

14 

565 

21 

0 

3 

0.06 

350 

0 . 

E 

17 

941 

4 

0 

1 

0.01 

400 

0 . 

F 

9 

527 

32 

2 

0 

0.05 

640 

1.25 


Total & Averages 17,529 529 1,702 92.88 190 0.60 

Total number of Section 192 


of the block. (This width varies in the different por¬ 
tions of the city from about 250 ft. to over 600 ft. and 
averages approximately 400 ft.) From these figures 
can be calculated the percentage of burn-outs in any 
section or group of sections. The data with the sec¬ 
tions arranged in the order of density of arresters are 
shown in Table I. 
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The data in this table and other data regarding the 
system are shown graphically in several drawings 
which give a better idea of the conditions than can be 
obtained from tables of statistics. In Fig. 8 is shown 
an outline map of the city on which are shaded the areas 
actually covered by the lines, the number of arresters 
per square mile being indicated by the density of the 
shading. The distribution system extends into 192 sec¬ 
tions covering 163.25 square miles within the city, while 
the area actually covered by the lines, determined in the 
manner above described is 93.49 square miles. As 
there were 17,529 transformers on the lines on August 



Fig. 9—Diagram Showing the Area Actually Covered 
by the Distribution System for Various Densities oir 
Arresters fsi 

1st, 1918, the average density of arresters is thus 187 
per square mile. 

Fig. 9 shows these data in another manner, from 
■which figure it will be noted that in the larger portion 
of the area covered by the distribution system, the 
density of arresters ranges between 100 and 300 per 
square mile. The number of arresters for various 
densities and for each type of arrester is shown in Fig. 
10. In this .drawing it will be .noted that arrester A 
.was installed in sections with' a. .very narrow range in 
density. The . section numbers given in the third 
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column in Table I are shown in Fig. 11. The stars pre¬ 
ceding the section numbers in Table I indicate the 
sections in which a change in the type of lightning 
arrester was made preceding the lightning season of 1917 
for the purpose of permitting the installation of an ad¬ 
ditional type of arrester and securing a better distri¬ 
bution of the several types of arresters in different 
portions of the city. 



DENSITY OF ARRESTERS 
NUMBER PER SQUARE MILE 


y IG . 10 —Diagram Showing for Various Densities of 
Arresters the Number of Each Type of Arrester and 
of Ale Types Connected to the Distribution System 

In Fig. 12 there has been plotted for each section 
the density of arresters as shown in the eighth column 
in Table I and the average per cent of burn-outs as 
shown in the last column. The final curve for all 
arresters showing the variation in the performance 
of arresters with their density is also shown in the same 
figure, but the curve cannot be drawn directly from the 
points shown in this figure because these points, repre¬ 
senting different areas and different numbers of 
transformers, are not of equal weight. Nothing in the 
tables or records shows the wide variation in the dis¬ 
tribution and intensity of the lightning quite so well 
as the plotting of these points in Fig. 12. Out of the 
192 sections it will be noted that in about one-sixth 
of them the points are on the line of zero burn-outs, 
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and including enough sections to get a total of about 
1000 transformers. Then the figures showing the area 
covered and the number of burn-outs was totaled 
for these sections, from which could be determined the 
average density of the arresters and the average per 
cent of burn-outs for this group of transformers. This 
was equivalent to taking a vertical band of Fig. 12 
which would include enough points to make a total of 
1000 transformers and finding one point to represent 



Fig. 12 —Diagram Showing for Each of 192 Sections the 
Average Per Cent of Transformer Burn-Outs Due to 
Lightning for the Five-Year Period Plotted Against 
the Density of Arresters 

The curve shows for all types of arresters the final determination of the 
relation between density of arresters and transformer burn-outs due to 
lightning. The curve cannot be plotted directly from the points shown 
in the figure as they are not of equal weight. 


the average experience for the entire band. In the 
same way the other 17 points were calculated and are 
shown, plotted to logarithmic coordinates in Fig. 13. 
The use of logarithmic coordinate paper was adopted 
for the purpose as it was found to greatly facilitate the 
work. There was some question as to whether the 
number of points selected for assembling the data in 
this manner had any effect on the resulting curve, 
but it appeared that if practically the same line were 
obtained by using a different number of points then 
there would be no serious error in the method. The 
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same data were therefore assembled in a similar manner 
in 7 points, 4 points and 2 points and the results are 
shown respectively in Figs. 14, 15 16. After a number 
of attempts to draw curves through these points in the 
several figures, it was found that a straight line would 
properly represent the results just as well as any curve 
which might be drawn; and it was, therefore, assumed 
that the curve when drawn on logarithmic coordinate 
paper was a straight line, which is equivalent to as- 
sliming that the relation between the quantities is an 
exponential function. In each of the four figures the 
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tig. 16 Diagram to Logarithmic Scale Showing the 
Data in Table I and Fig. 12, Assembled into Eighteen 
Points Each Covering Idhe Experience for the Five-Year 
Period With Approximately the Same Number of Trans¬ 
formers 


full line is determined by the points in that figure and 
the dashed line is the average of all of the four. It 
will be noted that the variation of the points through 
the straight line decreases as the number of points 
decreases, or in other words, as the number of trans¬ 
formers represented by one point increases. The 
average curve represented by the dashed line in these 
four figures transferred to arithmetical coordinates is 
shown in Fig. 12. 
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While one engineer was engaged in the task of 
assembling the data and drawing the lines on loga¬ 
rithmic coordinate paper as above described, another 
engineer was given the task of assembling the data 
in a similar manner except that he used for each 
point the experience from an equal area covered by 
the lines as given in column seven of Table I, instead 
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Fig. 14 —Same as Fig. 13 Except That Data abe Assembled 
Into Seven Points op Equal Weight 

of an equal number of transformers. This was done 
with the idea that any serious personal errors or any 
error due to the assumptions made in drawing the 
curves or in transferring them to arithmetical co¬ 
ordinate paper would be indicated by differences in 
the final curves. After these two engineers had 
independently drawn final curves similar to the one 
shown in Fig. 12 the two curves were then transferred 
to the same sheet and found to be practically super¬ 
posed. The equation of the curve in Fig. 12 is: 

= 5450 
Y ~ X 1 ' 75 

where X = the number of arresters per square 
mile, and 
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— The average per cent of transformers 
burnt out by lightning per year during 
_ the five-year period. 

his equation means that the density of arresters 
has a very important influence on the results secured 
y ightning arresters. If we assume for example, 
that there are 1000 transformers installed in an area 
of 10 square miles each protected by an arrester on 
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Fig. 15 Same as Fig. 13 Except That Data are Assembled 
Into Four Points of Equal Weight 

the same pole, and that later the number of trans- 
formers in this area is doubled and at the same time 
uniformly distributed, the results of the change are 
shown in Table II. From this table it will be noted 
that although the number of transformers in the area 
has been doubled, the percentage of burn-outs has 
decreased from 1.67 per cent to 0.5 per cent and that 
the actual number of burn-outs has decreased from 
17 to 10 per annum. In other words, the doubling 
of the number of transformers and arresters in a 
given area will not result in more transformers being 
burnt out by lightning per year as might be supposed, 
but will result in an actual reduction of about 40 
per cent in the number of such burn-outs per year. 
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The data for each type of arrester were then plotted 
in a similar manner, a set of four curves similar to 
Figs. 13, 14, 15 and 16 being drawn for each type of 
arrester. As might be expected with a smaller number 
of observations, the variation of the points from a 
straight line when plotted on logarithmic paper and 
the variation of the four lines from their average was 
somewhat greater than in the case of the corres¬ 
ponding lines for all types of arresters. These straight 
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Fig. 16 —Same as Fig. 13 Except That the Data are As¬ 
sembled Into Two Points of Equal Weight 

lines for the different types of arresters were not 
parallel, and when transferred to arithmetical co¬ 
ordinate paper as shown in Fig. 17, the curves cross 
each other in a confusing manner. While the curves 
thus drawn may be mathematically accurate, they 
appear to be physically impossible as there seems 
to be no sufficient reason why one type of arrester 
should be better than another at one density and 
poorer at another density. It seems more reasonable 
to suppose that if one arrester is better than another 
at any particular density of arresters, it will be better 
throughout the entire range of densities. After 
giving this subject considerable study it was decided 
to assume that the straight line representing the 
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experience with any type of arrester, when plotted on 
logarithmic coordinate paper should be parallel to 
the line showing the results for all types of arresters, 
that is, the dashed line in Fig. 13. To make this change: 
the midpoint of the line for each arrester was found, 


TABLE II 


CALCULATIONS PROM ASSUMED DATA 
EFFECT OF DOUBLING THE DENSITY 
AND TRANSFORMERS 


SHOWING THE 
OF ARRESTERS 


No. of 

arresters and 
transformers 

Area 

square miles 

Density 

of 

arrester 

Average annual 
transformer 
burn-outs due 
to lightning 

Per cent 

| No. 

1000 

2000 

10 

10 

100 

200 

1.67 

0.5 

17 

10 



Fig. 17 —Diagram Showing the First Approximation of 
the Relation Between the Density of Arresters an© 
the Percentage of Transformers Burned Out by Lightning 
for the Five-Year Period, 1915-1919 Inclusive 

The curve for all arresters is plotted from the dashed line in Figs. 13 
to 16 inclusive. The curves for the individual types of arresters were 
derived in a similar manner from logarithmic diagrams which are not 
reproduced. 

A point instead of a line is shown for arrester A as the records for t his 
type include only one transformer burn-out in the three years in whieh 
the arresters have been in service. 







1922 


D. W. ROPER 


[Nov. 12 


which is a point so located that there is an equal 
number of arresters represented by the line on either 
side of the point. The line which was finally taken 
as representing the experience with this type of arres¬ 
ter was then drawn through this midpoint and parallel 
to the dashed line in Fig. 13. The results of this 
assumption when transferred to arithmetical coordin¬ 
ate paper are shown in Fig. 18. If these several 



Fig. 18 —Diagram Showing the Final Determination of 
the Belation Between the Density of Arresters and the 
Percentage of Transformers Burned Out by Lightning 
These are the curves shown in Fig. 17 modified by the assumption 
that the lines representing the data on logarithmic paper should be parallel 
to the dashed line in Figs. 13 to 16 inclusive, showing the experience 
with all types of arresters. 

assumptions are reasonably accurate, and they appear 
to do no violence to the facts, then the methods which 
have been used result in curves which can be taken 
as representing the performance of each of the arresters 
with varying densities, and the most troublesome 
variable, that is, the variation in the distribution and 
intensity of the lightning has been eliminated by the 
method of assembling the data and drawing the 
curves. From these curves it will be noted that four 
of the arresters designated as C, D, E and F are so 
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close together that the differences may be considered 
as well within the possible errors of observation. 

In Fig. 18 an ordinate has been drawn to the mid¬ 
point of each of the curves as above defined or at the 
position corresponding to the average density for 
that curve, that is, for each type of arrester the number 
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Fig. 19 —Diagram Showing the First Approximation op 
the Relation Between the Density of Arresters 
and the Percentage of Transformer Primary Fuses 
Blown by Lightning, Plotted in the Same Manner as the 
Curves in Fig. 17 

The curve for arrester A in this and the following figure was secured 
by using the records by quarter sections so as to secure an increased 
number of points. 


of arresters to the right of the ordinate is the same as 
the number to the left. These ordinates represent 
the same values that were given in the previous 
paper as showing the average experience for each 
type of arrester, but it is now seen that in the case 
of the four arresters C, D, E and F, the curves are 
so close together that the ordinates for these curves, 
instead of correctly representing the relative merits 
of the four arresters, are practically four different 
ordinates of the same curve. The four arresters are 
therefore of practically equal protective value. 
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It will be noted that the ordinates for curve B in 
Fig. 18 are about 40 per cent of the corresponding 
ordinates of the average of curves C, D, E and F. 
Arrester B is one of the oldest types on the lines 
and the arresters are fairly well distributed over a 
wide range of density as shown in Fig. 10. It is, 
therefore, considered that this difference of about 
40 per cent as compared with the other four is a real 
difference due to the value of the arrester as a protec¬ 
tive device and is not due to an error in the observa¬ 
tions or calculations. 



Fig. 20—Diagram Showing the Final Determination 
Between the Relation of the Density of Arresters and 
the Percentage of Transformer Primary Fuses Blown by 
Lightning During the Five-Year Period 1915-1919 In¬ 
clusive 

Plotted in the same manner as the curves in Fig. 18. 

In the case of arrester A, Fig. 6 shows that this 
arrester was installed in only three contiguous sections 
and Fig. 10 shows that these sections had a narrow 
range in arrester density. In addition the arresters 
had been in our service for only three years and in 
view of all of these circumstances, it appears that the 
data regarding this particular type of arrester are not 
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conclusive. For the purpose of securing more eon- 
elusive data regarding this type of arrester, addi- 
tional arresters were installed early in 1920 in the areas 
shown by the heavy shading in Fig. 6. The light 
shading in the same figure shows the areas in which an 
additional type of arrester was installed early in 1920. 

The data showing the relation between density of 
arresters and the per cent of primary fuses blown by 
lightning were treated in the same manner as the data 
for the transformer burn-outs, and the results are shown 
in Figs. 19 and 20. On account of the fuse trouble 
experienced in 1918 and 1919 as mentioned earlier 
in the paper, the percentage of fuses blown which have 
been ascribed to lightning in the two years is known 
to be higher than the actual figure. This trouble 
was eliminated by the change of all the fuses to a new 
type during the latter months of 1919 and the earlier 
months of 1920. The marked reduction in the percent¬ 
age of fuses blown by lightning in 1920 indicates that 
this particular form of fuse trouble has been eliminated. 
The principal cause of the blowing of transformer prim¬ 
ary fuses in lightning storms is the arcing across 
the bushings where the primary wires enter the 
transformer case, and the scars from these ares can 
generally be located. Some of the transformer manu¬ 
facturers have increased the size of these b ushing s in 
their later designs and our records indicate a consider¬ 
able reduction in the amount of trouble from this 
cause with the enlarged bushings. 

On account of the nature of this trouble and on ac¬ 
count of the several factors which modify the results, 
it is thought that the curves in Fig. 20 are less accurate 
than the corresponding curves for transformer burn¬ 
outs as shown in Fig. 18. The curves are, however, 
of the same general shape and show that there is a 
marked decrease in the percentage of fuses blown to 
the increase in density. The equation of the curve 
for all arresters in Fig. 20 is 
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where X = the number of arresters per square 
mile 

and Z = the per cent of fuses burnt out due 
to lightning. 

The investigation discloses a remarkable decrease 
in the percentage of transformer troubles caused by- 
lightning with the increase in the number of arresters 
per square mile. The curves show further that there 
is a rather high percentage of troubles for the very 
low densities, and in those systems where the trans¬ 
formers, each of which is protected by an arrester on 
the same pole, are located several blocks apart, it is 
possible that although the arresters are actually of 
considerable benefit, the percentage of troubles is 
still so high that there may be some doubt in the min ds 
of those in charge of such systems as to the value or 
even the advisability of installing lightning arresters. 
Where such conditions exist, the installation of ad¬ 
ditional arresters would in all probability reduce the 
percentage of trouble caused by lightning to such an 
extent that their installation would be entirely war¬ 
ranted by a reduction in operating expenses. 

5. Lightning Arresters on Cable Poles 

As indicated in the description of the system, 
about 25 per cent of the primary feeders and mains 
are underground, and there are about 2500 cable poles 
where the underground feeders or mains are connected 
to the overhead wires. At all of these cable poles 
each of the cables is protected by an arrester installed 
on the cable pole in a manner similar to those installed 
on transformer poles. These arresters have not been 
included in figuring the density of arresters for the 
protection of transformers. 

It is a matter of common knowledge in Chicago that 
some years ago when the number of substations 
supplying the system was only one-fifth of the present 
number and when the average distance between 
transformers was considerably greater than at present, 
there was a large percentage of cable troubles due 
to lightning. This was particularly true where a 
short length of underground cable required for the 
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crossing of a boulevard or a branch of the Chicago 
River or by other local conditions was of necessity 
inserted in a long stretch of overhead line. The records 
also show that although the load has increased more 
than tenfold since that time and the number of cable 
poles has probably increased in an even greater ratio, 
the annual number of burn-outs of such cables due 
to lightning has not increased and has probably been 
reduced. In 1918, for example, when the amount of 
damage to transformers by lightning was about the 
average for the five-year period as shown by Fig. 4, 
there were only three burn-outs of cables due to 
lightning, all of which occurred either at or in the 
vicinity of the cable poles. This number was about 
1/15 of 1 per cent of the total number in service. 
This information, together with the curve in Fig. 18, 
leads to the conclusion that the arresters which have 
been installed on our lines for the protection of trans¬ 
formers must also assist in the protection of cables 
connected to the overhead lines. It also appears to be 
equally true that the arresters installed on the cable 
poles must assist in the protection of the neighboring 
transformers. These cable poles are fairly well scat¬ 
tered over the entire system and an examination of the 
maps and a count of the arresters on cable poles in a 
few sections indicates that the arresters on cable 
poles bear a fairly constant ratio to the arresters on 
transformer poles. If these arresters on the cable 
poles were included in calculating the density of ar¬ 
resters in Table I and in Figs. 17, 18, 19 and 20, it 
would probably be found that the curves in these 
figures would be slightly altered in their position 
without materially altering their form. The omission 
of the lightning arresters on cable poles in connection 
with Table I and the curves which follow does not 
appear to be a serious factor as the exact values of the 
percentage of burn-outs or of fuses blown for any given 
density refer specifically to Chicago conditions, while 
the form of the curves probably represents a 
fundamental principle in lightning protection. 

If the density of the arresters in the vicinity of a 
cable pole is an important feature of lightning pro- 














1928 


D. W. ROPER 


[Nov. 12 


tection for cables connected to 4000-volt lines, it 
should be equally important in connection with ar¬ 
resters for the protection of cables connected to higher 
voltage lines. In and near many of the larger cities 
it is a quite common practise to have a number of 
lines partly overhead and partly underground opera¬ 
ting at voltages from about 6000 to 25,000. There is 
a wide difference in the practise of various companies 
in the protection of such cables from lightning; some 
companies claim that so little benefit has been derived 
from the installation of lightning arresters on their 
13,000 or 25,000-volt cable poles that they are no 
longer installed; other companies consider that the 
probability of interruption due to lightning is so great 
that they do not connect overhead lines to under¬ 
ground cables except in substation buildings where 
there are also installed transformers for changing the 
voltage, together with the usual equipment of ar¬ 
resters for the protection of the transformers. The 
transformers installed in this manner serve to isolate 
the overhead line from the underground cable and thus 
effectively protect the cable from lightning. 

In such cases where lightning arresters are installed 
at points where high-voltage cables are connected to 
overhead lines, no company installs more than a single 
arrester. In Chicago there are a number of such cable 
poles on 12,000 and on 20,000-volt cables, and the 
percentage of burn-outs of these cables due to lightning 
is of the order of 10 per cent per annum, while in the 
4000-volt cables it is a small fraction of 1 per cent. 
In view of this experience and of the curve showing the 
effect of density of arresters on the efficiency of the 
protection of line transformers, it appears that the 
high percentage of burn-outs experienced with the 
high-voltage cables is largely due to the low density 
of arresters in the immediate vicinity of the cable 
pole, and that a very considerable reduction in the 
percentage of such burn-outs could be secured by the 
installation of additional arresters in the vic ini ty of 
the cable pole. 



—.-r 


.. .B—B— -r—— -1 


l9 20] . D . W . ROPER 1929 

6. Comments on the Designs of Lightning 
Arresters Covered by this Investigation 

The earlier types of lightning arresters were all 
-ttiade with the metal parts enclosed in a wooden case 
so that the arresters could be periodically inspected, 
adjusted and repaired. The arcing parts were so de¬ 
signed that they could be readily renewed. The 
Practise was to make an annual inspection followed by 
■the necessary adjustment, repairs and replacements, 
£t*id this annual overhauling was a serious item of 
Expense. 

Early in the period covered by these investigations, 
one of the manufacturers brought out a type of ar¬ 
rester which was self-contained, that is, the metal and 
other current-carrying portions of the arrester were 
assembled in a porcelain casing which did not require an 
external wooden box for its protection. In this type 
of arrester the metal parts and resistance rod are 
assembled in a porcelain housing, the several parts 
being fastened together by means of a sealing compound 
so that it is not feasible to inspect or repair these ar¬ 
resters while they are in position on the poles. The 
^aps in this new type, instead of being between brass 
points or spheres, are between round parallel plates so 
“that a number of successive heavy discharges will 
not seriously alter the total length of the gaps. After 
several years' experience with this type of arrester, 
"the conclusion was reached that such arresters had 
many advantages over the wooden box type besides 
3, considerably reduced annual maintenance charge 
a,nd it appeared entirely possible to make such ar¬ 
resters so that they would have a protective value 
equal to the earlier wooden box type. On reaching 
•this decision the manufacturers were advised that no 
further purchases would be made of arresters which re¬ 
quired a wooden box for their protection. Several 
types of arresters have been produced by the manu¬ 
facturers since that time and several modifications in 
flie design of the arresters have been made as a result 
of the information from these investigations which 
were communicated to the manufacturers from time 
fo time. It is possible that the experience with the 
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several types of arresters covered by these investiga¬ 
tions, as well as the earlier types which they replaced, 
may be best summarized in the form of a tentative 
specification for lightning arresters, which would 
state some of the important points to be included 
and to be avoided in such design. Such a specification 
would read about as follows: 

1. The arrester must consist of a number of gaps in 
series with a resistance, with the number of gaps and 
the amount of resistance properly adjusted to the line 
voltage so that the dynamic arc following a lightning 
discharge will be quickly broken without damage 
to the arrester. 

2. The resistance rod must have the resistance 
uniformly distributed throughout its length, so as to 
prevent the progressive short-circuiting of the rod 
with heavy lightning discharges and the destruction 
of the arrester which will follow. 

3. The amount of resistance in the resistance rod 
should not be seriously affected by repeated heavy 
discharges. 

4. The leads for connecting the arrester to the line 
should leave the arrester so that they will form drip 
loops, and the leads should be so arranged that the 
arrester can be connected to a line wire on either side 
of the arrester. 

For low maintenance cost the following features 
are desirable: 

5. The enclosing case should be of fireproof insu¬ 
lating material that is not affected by the weather; 
and it should be constructed so as to protect effectually 
the metal parts from the weather, and to prevent 
accumulation of dust on the gaps. 

6. The gaps in the arrester should be between parallel 
plates, disks, or rings instead of between cylinders 
or spheres so as to permit repeated heavy discharges 
without seriously altering the length of the gaps. 

7. The arrester should be constructed so that in 
the event of the failure of the arrester to interrupt 
the dynamic are the enclosing case will be shattered 
by the heat so as to give some visual evidence of the 
trouble and result in the opening of the circuit. 
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8. The arrester should be without moving parts 
or parts which require inspection, renewal or adjust¬ 
ment and should preferably be made in the form which 
cannot be inspected or repaired without removing 
it from the pole. 

The experience with the arresters covered by this 
investigation indicates that several types of arresters 
are now available which comply with all of these 
specifications. The annual maintenance cost has up 
to the present time averaged well below 1 per cent per 
annum and is practically confined to the replacing of 
damaged arresters. It is possible that the present 
forms of gaps will not permit of an indefinite number 
of discharges without affecting the protective value of 
the arresters, but if such a condition should arise it 
would probably be manifested by an increase in the 
percentage of transformers burned out by lightning. 
The condition of the gaps could be determined by 
removing from the line and examining and testing the 
arresters which were protecting transformers that 
had burned out. The maximum number of arresters 
to be treated in this manner would be less than 1 per 
cent of the total number installed and this number 
in all probability could be considerably reduced by 
careful investigation of the conditions surrounding 
their installation along the lines described in the 
earlier part of this paper, and this would serve to 
still further reduce the cost. 

7. Suggested Future Plans 

In Chicago it is the standard practise when making 
line extensions to install in the center of each block 
one pole larger and stronger than the others for a 
future transformer pole. By going over the map of 
the distribution system it has been found that if 
additional arresters were installed on these future 
transformer poles, so that each transformer will be 
protected not only by an arrester on the same pole but 
also by additional arresters one block away in each 
direction along the lines, then the additional arresters 
required will be only 2 per cent of the total number at 
present installed for the protection of transformers. 
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Calculations made with the aid of the curves show 
that these 2 per cent additional arresters will result 
in a saving of at least 7 per cent of the present number 
of burn-outs. The installation of these additional 
arresters would, therefore, appear to be warranted by 
the reduction in the operating and maintenance 
charges. 

There appears to be a number of locations where 
submarine cables crossing the river, or lead-covered 
cables at other locations, connect with the overhead 
lines at points which are several blocks removed from 
the nearest transformer and they are, therefore, pro¬ 
tected only by an arrester on the cable pole. In 
such cases it appears that additional arresters would 
be warranted in the vicinity of such cable terminals, 
and particularly so in the ease of submarine cables 
and perhaps other special cases where the cost of 
repairs would be very heavy. In some eases where an 
overhead line is supplied from a single underground 
cable, and where there are no arresters on transformers 
within several blocks of the cable pole, it may be 
possible by the installation of additional arresters in 
the vicinity of the cable pole, to save the cost of an 
emergency supply. 

8. Differences between Laboratory Tests 
and Service Experience 

The investigation and the calculations herein de¬ 
scribed indicate that four types of arresters differing 
in such details of design as the number of gaps between 
line and ground, the amount of series resistance, and 
other features, are so nearly alike that they can be 
considered as having identical protective value under 
the conditions of service. The results of the labora¬ 
tory tests, however, indicate that the arresters are 
quite appreciably different in their protective value, 
and up to the present time it has been found impossible 
to reconcile the results of the laboratory tests with the 
experience in service. It is suggested, however, that 
the impedance of the ground wire and of the pipe 
used as the lightning arrester ground may be sufficiently 
high to overshadow the differences in the amount 
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of resistance and the number of gaps, and in this 
way tend to equalize the behavior of different types 
of arresters under the conditions of service. In view 
of these differences and of the expense and the time 
required to determine the relative merits of different 
types of arresters from the experience in service, it 
is suggested that it would be a very interesting and 
valuable development in the art if some form of labora¬ 
tory tests for lightning arresters could be devised whose 
results would more nearly agree with the results of 
experience in actual service. 

9. Conclusions 

The conclusions from the investigations described 
in this paper, together with the more important con¬ 
clusions from the previous paper, some of which have 
been modified and extended by these investigations, 
may be summarized as follows: 

1. Transformer troubles during lightning storms 
may be reduced (a) by the removal of transformer 
primary terminal boards, (b) by the installation of 
lightning arresters, (c) by the use of larger bushings on 
the primary leads of transformers where they enter 
the case. 

2. Lightning arresters installed on transformer 
poles are considerably more effective than if installed 
on the line poles. 

3. Even in the most severe lightning storms, which 
apparently cover the given territory quite completely, 
there will be numerous extended areas within this 
territory which will be entirely free from lightning 
disturbances. Careful records extending over a period 
of several years are, therefore, necessary in order 
to determine definitely whether immunity from troubles 
due to lightning is due to the efficiency of the lightning 
protection or to the absence of lightning. 

4. There is a very marked improvement in the effect 
of lightning arrester protection with an increase in 
density, that is, the number per square mile, and this 
effect is such an important factor in their performance 
that no accurate comparison of the relative merits 
of various types of arresters can be made without 
giving this point proper consideration. 
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5. Where the number of transformers, each of 
which is protected by an arrester on the same pole, 
is large per square mile so that the transformers and 
arresters are on the average only a few hundred feet 
apart, the total combined effect of all of the adjacent 
arresters is greater than that of the arrester on the 
same pole with the transformer. 

6. In districts where transformers are widely scat¬ 
tered, that is, where the local density is materially 
below 100 per square mile and where continuous 
service is important, it will probably be found desirable 
to install arresters on line poles in addition to an ar¬ 
rester on the same pole with each transformer; where 
the local density is of the order of 50 per square mile, 
or lower, the installation of such additional arresters 
will probably be found to be warranted solely by the 
reduction in operating expenses. 

7. The increase in the density of lightning arresters 
also results in a marked decrease in the percentage of 
burn-outs due to lightning of underground cables 
connected to overhead distribution circuits, and 
while the exact figures for the early years are not 
available, the percentage has been reduced from several 
per cent per annum with a very low density to a figure 
running well below one-tenth of one per cent per annum 
with the density averaging about 200 per square 
mile. 

8. In the case of high-voltage cables, that is cables 
operating at voltages ranging up to 25,000, and where 
the present practise in this country calls for a maxi¬ 
mum of one arrester at the point where the under¬ 
ground cable connects with the overhead line,the installa¬ 
tion of additional arresters in the vicinity of the cable 
pole would in all probability cause a marked reduction 
in the percentage of burn-outs of such cables due to 
lightning. 

9. The density of arresters, the shielding of high 
buildings, trees, etc., and perhaps also other fea¬ 
tures, have such an important effect on the 
amount of trouble from lightning that no accurate 
comparisons of the results secured in different cities 
can be made without giving due consideration to all 
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such features of the conditions under which the light¬ 
ning arresters are installed. 

10. For use in the protection of transformers in 
districts where each transformer is protected by an 
arrester on the same pole and where the density of 
arresters ranges above 200 per square mile, the most 
economical arrester of the several types covered by 
this investigation is probably the cheapest arrester. 
It is entirely possible and even probable that the local 
conditions will have an important bearing in deter¬ 
mining the best type of arrester to be used in any given 
locality, and that where the amount of shielding 
from buildings, trees, wires of other companies, etc., is 
very slight and where the securing of adequate ground 
connections for the arresters is expensive it would be 
preferable, even in areas of low density, to use ar¬ 
resters whose discharge capacity is considerably 
greater and whose discharge potential is considerably 
lower than the arresters covered by these investiga¬ 
tions and to confine the installation of the arresters 
to the transformer poles. 

11. It is possible, by carefully distributing the 
various types of lightning arresters over a large area 
and by securing the results of the performance of ar¬ 
resters over a period of years, to place the several 
types of lightning arresters used for the protection of 
transformers under conditions that are practically 
identical as regards the features which would affect 
the relative performance of the various types of light¬ 
ning arresters, and to secure data which will permit a 
comparison of the relative merits of the several types 
of lightning arresters as protective devices. 

12. It is entirely possible to make lightning arresters 
of the self-contained type, that is, of a type not re¬ 
quiring an external protecting box and so constructed as 
not to require or permit inspection. The annual main¬ 
tenance cost of such arresters is practically limited to 
the replacing of damaged arresters, and the total annual 
maintenance cost as indicated by an experience of 
five years with several thousand such arresters is well 
below 1 per cent of their original cost of installa¬ 
tion. The adoption of such types of arresters will 
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result in a material reduction in the annual mainten¬ 
ance cost as compared with the older types. 

13. A change in the form of lightning arrester gap 
from a cylindrical or spherical shape to parallel flat 
surfaces which was adopted by the manufacturers 
when changing from the wooden box type to the self- 
contained type of arrester, appears to result in a form 
of design which allows repeated heavy discharges 
without requiring renewal or adjustment of the parts, 
and has been an important factor in changing the de¬ 
sign from a type requiring annual inspection, renewal 
and adjustment to a type which does not permit or 
require such annual attention. 

14. The four types of arresters which have been 
designated by the letters C, D, E and F and which 
consist essentially of a resistance in series with a number 
of gaps, together with such additional features as an¬ 
tenna, compression chambers, expulsion chambers, 
and solenoids to vary the length of the gap following 
dynamic discharge, all appear to be practically identi¬ 
cal in their value as devices to protect line transformers. 

15; The type of arrester designated by B, which 
consists of a large number of gaps in series without any 
resistance, in addition to two other paths through a 
high and a low resistance shunting a large and a small 
number of gaps, appears to be a considerably better 
protective device than arresters designated by C, D, E 
and F, and as far as can be determined from present 
information, this difference in its value as a protective 
device appears to be due to features of its design. 

16. With the aid of the data contained in this 
paper it should be possible to make estimates of the 
cost and results of lightning protection in Chicago 
with the same degree of accuracy as the estimates of 
cost of construction or maintenance of overhead lines, 
when the figures are averaged over a period of 
years. 

17. The shielding effect of high buildings, trees and 
other similar features which might be considered as 
determining the exposure of the lines to lightning have 
an important bearing on the amount of damage that 
will be caused by lightning. In local areas of a distri- 
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bution system, which have for years shown a high per¬ 
centage of troubles caused by lightning and where 
the troubles have been allowed to persist because of 
the thought that some mysterious influence local to 
the neighborhood attracted the lightning, it will 
probably be found that a large percentage of the trouble 
is due to the lack of shielding from the surroundings 
or a low density of arresters, and that the trouble can 
be materially reduced by increasing the density of 
the arresters in the locality. 

18. Great caution should be used in attempting to 
compare the results secured by lightning arrester 
protection in Chicago with results secured in other 
localities without giving due consideration to all of the 
factors which might affect lightning arrester per¬ 
formance. 

In conclusion the author desires to express his 
appreciation to the General Electric Company and the 
Electric Service Supplies Company for their many 
helpful suggestions and hearty cooperation during the 
progress of the investigations. 

TABLE IA 

DATA FOR DETERMINING THE EFFECT OF DENSITY OF 
INDIVIDUAL TYPES OF ARRESTERS ON THEIR 
PERFORMANCE 

This table gives the data for all sections where a star is shown opposite 
the section number in Table I. These are the sections in which the 
type of arrester was changed during the years 1915 to 1919 inclusive, 
and this data should be substituted for the corresponding data in Table 
I in plotting the curves for the individual types of arresters. 


Type 

Years 

Area 

No. 

Section 

No. 

No. of 
trans. 

No. of 
B. O. 

Area 

covered 

Density 

of 

arresters 

C 

1 

IS 

987 

1 

0 

.09 

11 

D 

4 

“ 

“ 


0 



C 

1 


1067 

4 

0 

.13 

31 

D 

4 


« 


0 



C 

1 

18 

1107 

1 

0 

.03 

33 

D 

4 

it 

« 

« 

1 

* . 

« 

F 

1 

3 

103 

3 

0 

.09 

33 

D 

4 


“ 


0 

U 

“ 

C 

1 

18 

1025 

7 

0 

.18 

39 

D 

4 


“ 


0 




0 

3 

99 

7 

0 

.17 

41 

D 

4 




0 



B 

1 

1 

61 

1 

0 

.02 

50 

C 

4 




0 



F 

1 

18 

1059 

3 

0 

.05 

60 









1938 


D. W. ROPER 


[Nov. 12 


TABLE IA —Continued 


Type 

Years 

Area 

No. 

Section 

No. 

No. of 
trans. 

No. of 

B. O. 

Area 

covered 

Densty 

of 

arresters 

D 

4 


1059 


0 




0 

3 

97 

5 

0 

.08 

62 

D 

4 




0 



C 

1 

15 

751 

8 

0 

.13 

62 

F 

4 


“ 


1 




0 

3 

237 

6 

0 

.09 

67 

D 

4 




0 



C 

1 

5 

271 

20 

2 

.30 

67 

E 

4 




0 



C 

2 

18 

1065 

19 

2 

.27 

70 

D 

3 


U 


0 



C 

1 

15 

725 

7 

1 

.09 

78 

F 

4 


“ 


0 



C 

1 

15 

753 

26 

1 

.31 

84 

F 

4 


u 


2 



C 

1 

3 

95 

44 

2 

.52 

85 

D 

4 


« 


2 



C 

1 

17 

945 

17 

3 

.19 

90 

E 

4 


tt 


0 



B 

1 

3 

105 

22 

3 

.24 

91 

D 

: 

4 


105 


0 




0 

3 

136 

23 

0 

.23 

100 

D 

4 




3 



C 

2 

8 

559 

10 

2 

.10 

100 

B 

3 




1 



C 

1 

15 

809 

3 

0 

.03 

100 

F 

4 


U 


0 



., 

0 

18 

1105 

4 

0 

.04 

100 

D 

4 




0 




0 

5 

273 

32 

0 

.31 

103 

E 

4 


U 


2 



G 

1 • 

17 

947 

33 

1 

.32 

103 

E 

4 


« 


0 



F 

IK 

18 

1017 

60 

3 

.55 

109 

D 

3K 


U 


3 



C 

2 

8 

601 

33 

1 

.30 

110 

B 

3 


<4 


1 



.. 

0 

3 

168 

22 

0 

.20 

110 

D 

4 


u 


2 



C 

IK 

3 

235 

48 

2 

.43 

112 

D 

3K 


« 


2 



B 

1 

1 

41 

47 

0 

.42 

112 

O 

4 


a 


1 



.. 

0 

3 

94 

9 

0 

.08 

113 

D 

4 


“ 


2 
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TABLE IA —Continued 


Type 

Years 

Area 

No. 

Section 

No. 

No. of 
trans. 

No. of 
B. O. 

Area 

covered 

Density 

of 

arresters 

P 

2 

3 

139 

25 

1 

.22 

114 

D 

3 


“ 


3 




0 

3 

239 

24 

0 

.21 

114 

D 

4 




0 



C 

1 

3 

137 

62 

2 

.54 

115 

D 

4 




3 



C 

2 

15 

727 

52 

1 

.45 

116 

F 

3 


tt 


4 



C 

1 

3 

199 

41 

1 

.35 

117 

D 

4 


it 


3 



P 

1 

18 

1019 

25 

1 

.21 

119 

D 

4 


« 


0 



O 


15 

723 

6 

0 

.05 

120 

P 

4 


“ 


1 



O 

1 

3 

203 

88 

1 

.73 

121 

D 

4 


« 


6 



P 

1A 

3 

201 

53 

2 

.43 

123 

D 

3A 


it 


2 



O 

1 

3 

171 

124 

1 

.94 

132 

D 

4 


“ 


6 



O 

1 

3 

241 

62 

2 

.47 

132 

P 

1 




2 



D 

3 


u 


1 



C 

2 

8 

561 

109 

1 

.83 

183 

B 

3 


a 


3 



O 

2 

8 

603 

39 

2 

.29 

134 

B 

3 


a 


1 




0 

5 

275 

80 

0 

.59 

136 

E 

4 




2 



O 

1 

3 

169 

109 

1 

.81 

136 

D 

4 


« 


5 

tt 

it 


0 

3 

141 

76 

0 

.52 

146 

D 

4 


a 


1 


“ 

P 

l A 

3 

205 

137 

3 

.89 

154 

D 

3 


u 


1 



B 

A 


« 


1 



C 

l 


u 


1 



B 

l 

3 

143 

62 

0 

.39 

159 

D 

4 


M 


0 



0 

1 

3 

207 

139 

1 

.84 

167 

D 

4 


u 


0 



O 

1 

3 

173 

161 

1 

.96 

167 

D 

4 


“ 


6 

“ 

tt 

O 

1 

3 

243 

171 

1 

.98 

174 

D 

4 


« 


1 
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Discussion on “Studies in Lightning Protection 
on 4000-Volt Circuits —II (Roper), Chicago, 
III., November 12,1920. 

Dr. Charles P. Steinmetz (read by H. R. Sum- 
merhayes): For some years we have realized that 
the conditions of lightning protection in primary 
distribution networks are in some respects materially 
different from those in high-voltage transmission lines. 
Many of the phenomena, which are of serious danger 
in the high-potential transmission line, such as steep 
wave front impulses, high-frequency traveling or 
standing waves, recurrent and cumulative oscillations, 
etc., can not develop to a dangerous magnitude in the 
primary distribution circuits. Dissipation due to 
leakage and the low-voltage character of the insulation, 
and interference within the network of circuits and 
apparatus dampen oscillations; due to the relatively 
low circuit voltage, the electrostatic energy is small 
and the most serious source or aggravating cause of 
lightning trouble in high-potential circuits, the arcing 
ground or oscillatory spark, cannot develop. On the 
other hand, due to the low circuit voltage, the insula¬ 
tion strength is low compared with the disruptive 
strength of lightning voltages, and the transformers 
distributed all over the circuits, make the system 
vulnerable throughout its entire extent. 

The material given by Mr. Roper’s paper therefore 
is the most valuable contribution ever made to the 
study of lightning disturbances in primary distribution 
networks, as it contains the exact performance records 
of nearly 90,000 lightning arrester years, comprising 
529 apparatus failures, that is, an amount of data 
greater than has ever before been collected on lightning 
disturbances in primary distribution systems. 

I wish to say that all the phenomena observed by 
Mr. Roper are in complete agreement with, and all 
the conclusions which he drew from his experimental 
observations, follow as theoretical conclusions from the 
statement: . . .... . 

In primary distribution circuits, lightning _ is the 
discharge of a very high voltage (of the magnitude of 
hundred thousand volts ) and correspondingly high electro¬ 
static charge, instantaneously produced over a large 
part of the distribution system. . 

These voltages,are far higher than the insulation of 
the transformers can stand for any appreciable time. 
It thus is a race between the time lag of the trans¬ 
former insulation, and the rate at which the lightning 
arresters can discharge the excessive voltage. 
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Herefrom immediately follows the. all dominant 
character of the lightning arrester density, that is, the 
number of lightning arresters per square mile or per 
lineal mile of circuit. The rate at which the excess 
voltage decreases is directly proportional to the number 
of discharge paths, that is, the number of arresters; 
and the time, during which the transformer is exposed 
to excess voltage therefore inversely proportional to 
the number of arresters. 

It also follows why transformer terminal boards and 
transformer bushings, though standing a higher sus¬ 
tained voltage than the transformer windings, are more 
vulnerable, since their insulation is air, which does not 
have the high time lag of the oil and solid insulation of 
transformer windings. . 

With 100,000 volts instantaneously unpressed upon a 
2300-volt lightning arrester, differences in the number, 
length and shape of the spark gaps, in discharge volt¬ 
age or equivalent sphere gap, within the range which 
may be expected between different types of such ar¬ 
resters, can have little effect, as due to the excessive 
over-voltage the discharge begins instantly. An ap¬ 
preciable difference in the protective value however 
may be expected from the discharge rate of the ar¬ 
rester. It is interesting to note that the arrester, 
which shows a superiority sufficiently great not to be 
over-shadowed by the effect of the arrester density— 
a 40 per cent decrease in transformer losses—type B, 
is the only one, in which the discharge capacity is not 
limited by a series resistance. ^ 

An arrester not at the transformer, but at a small 
distance from it, would have the same effect in discharg¬ 
ing the excessive voltage of the circuit, as an arrester 
at the transformer, and could thus differ in protective 
value only by the time lag given by the charge to travel 
the distance from the transformer to the arrester; 
about one-ten-millionth of a second per 100 feet. 
Aside from this, all the arresters within the area covered 
by the instantaneously produced excessive voltage, 
would equally share in protective value. 

The question which then arises, is that of the origin 
of such a very high-voltage instantaneously produced 
over a considerable part of the distribution system. 

I have given the phenomena of the thunder storm 
and the origin of the lightning flash considerable 
study for a number of years and find that such voltages 
must be produced on lines as result of the equaliza¬ 
tion of cloud potential by the lightning flash. 

Let, in Fig. 1, L represent a wire of the primary 
distribution circuit, 6 meters above the ground G. 
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Let C be a thunder cloud, at an elevation of 1000 
meters above ground G, having a potential difference 
of 20 megavolts against ground. There is thus an 
electrostatic field between cloud and ground, of a 
gradient of 20 kilovolts per meter. If the line L were 
perfectly insulated, by its position in the electrostatic 
field, 6 meters above ground, it would have a potential 
difference of 120 kilovolts against ground. It is 
however not insulated for such voltages, and while 
the cloud gradually builds up to 20 megavolts, a bound 
charge accumulates on the line L, by leakage through 
the insulation, corona, static spark - over the arresters, 
etc., and so keeps the line substantially at ground po¬ 
tential. The cloud discharges by a lightning flash, 
its voltage disappears and the electrostatic field be- 



Fig. 1 


tween ground and cloud collapses. The bound charge 
on the line L then becomes a free charge. Since as 
bound charge it kept L at ground potential though by 
its position in the electrostatic field it would have had 
a potential difference of 120 kilovolts, as free charge 
now it raises the line L to 120 kilovolts above ground. 
Hence, instantaneously, that is, with the rapidity 
with which the lightning flash discharges the cloud, a 
voltage of 120,000 volts is produced over that part 
of the distribution system, which was in the electro¬ 
static field of the thunder cloud. 

This is the origin of the very high voltage instan¬ 
taneously produced over a large part of the distribution 

system. . 

In reality, the phenomena m the cloud are not as 
simple. As the result of rain formation, potential 
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differences against ground build up in the cloud, vary¬ 
ing in magnitude probably between 10 to 100 mega¬ 
volts in the various parts of the cloud, depending on 
the moisture content and thus the rate of ram forma¬ 
tion. These potential differences between different 
areas of the cloud are equalized by the lightning flash, 
so that in some parts of the cloud the potential dif¬ 
ference against ground is instantaneously lowered, m 
others probably raised. Thus if in some part of the 
cloud the potential difference against ground is lowered 
by the equalizing lightning flash from 60 megavolts 
to 40 megavolts, the bound charge on the line under 
this part of the cloud decreases from that corresponding 
to 60 megavolts to that corresponding to 40 mega¬ 
volts, and a free charge corresponding to 20 megavolts 
thus appears. In other parts of the cloud, by the 



Fig. 2 


same lightning flash, the potential difference against 
ground may be raised from 20 to 40 megavolts, setting 
f re e on the lines under this part of the cloud a change of 


opposite polarity. , ... , 

This also explains why the impedance of the ground 
wire—which should be extremely high at the extreme 
rapidity of the discharge—seems. to have so little 
effect, while even a small series resistance m the light¬ 
ning arrester—small compared with the surge 
impedance of the line-—-has a marked effect, lhe 
ground wire also is in the electrostatic field between 
cloud and ground, and thus accumulates a bound 
charge, which becomes a free charge by the lightning 
flash. This, however, is a tapering charge, increasing 
from zero, or rather equality with the bound charge 
of the ground surface, at the bottom, to equality with 
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the charge of the line, at the top. This charge, and the 
voltage produced by it, is shown by the shaded area 
in Fig. 2. This, however, is the distribution of voltage 
and thus electrostatic charge (or dielectric field) 
existing on the ground wire during the discharge of 
the lightning arrester. That is, there is no transient 
retarding the starting of the discharge current in the 
ground wire, since the energy, which the transient 
stores,. is already there in the free charge left on 
the wire. The discharge current thus starts simul¬ 
taneously throughout the length of the ground wire, 
at a rate depending on the initial potential gradient— 
20 kilovolts per meter. Its rate of rise is given by: 



or, with L = 1.34 X|10 9 ; e = 200 volts per cm., 
this gives: 

d % 

= 150 X 10 9 amperes per second. 






Wi 

'§? 



Fig. 3 


With a surge impedance of the distribution lines of 
400 to 500 ohms, and the lightning arrester connected 
into the line so that the discharge current can reach it 
from two wires, giving a surge impedance of 200 to 
250 ohms, a voltage of 120 kilovolts would give a 
discharge current of 480 to 600 amperes. It would thus 
require about one three hundred millionths of a second 
for the current in the ground wire to build up. That 
is, the time lag of the ground wire would be of the 
magnitude of one three hundred-millionths of a second. 

Suppose, however, a series resistance is used in the 
lightning arrester. The distribution of the bound 
charge—which is set free by the lightning flash—along 
the ground wire would still be the same as shown in 
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Fia. 2 or by the shaded area in Fig. 3. The distribution 
of voltage during the discharge of the lightning ar¬ 
rester however would be as shown by the heavy drawn 
line in Fig. 3, having a break, equal to the voltage 
drop across the series resistance, at the point P , where 
the arrester is located. That is, a rearrangement of 
the charge and voltage distribution in the ground wire 
becomes necessary, resulting in a transient retarding 
the discharge, that is, a time lag, which limits the pro¬ 
tective value in this case, though the resistance may be 
far below the surge impedance of the lines. 

From this explanation of the phenomena, we can 
realize the limitations within which the conclusions 
of Mr. Roper’s paper apply: . . 

They probably apply to all extended primary dis¬ 
tribution systems, that is, networks of circuits of 
relatively low voltage, with about the same magnitude, 
and numerical values modified only by the climatic 
conditions, that is, by the frequency and seventy of 
thunder storms, and in this respect Mr. Roper s state- 
ment is rather too modest. They would not, however, 
apply to circuits of materially higher voltage, in which 
the insulation strength of the circuits, and the discharge 
voltage of the arresters, are not negligible compared 
with the instantaneous voltage of the free charge 
produced by the lightning flash. They also would 
not apply to high-voltage transmission lines, in whicn 
the apparatus is localized at the terminals, the area 
affected by the free charge is only a part ot the line, 
dissipation through leakage, interference, etc., is small, 
and secondary effects produced by the charge predomi- 
nate, such as sparks, and oscillatory waves piling up 
the voltage by reflection etc., and secondary effects 
produced by the discharge, such as oscillatory arcs, 
available for destructive action the engine power 

back of the generators. , r™ 

J. L. R. Hayden (read by N. A. Lougee). The 
large amount of data given m Mr. Ropers paper 
enables us to investigate some further features. Some 
information on the protective screening effects of 

Kg?eksoS: e ColiS7o?tEableinS. Roper’s 
paper gives the area covered by the lines m each of the 
192 sections. As most of the sections are one square 
mile, it gives the part of the section covered by the 
lines (except in a few smaller sections, where correction 
is easily made). In general where all or a large part 
of the section is covered by the lines, it may be expected 
that the section is well built up, and the screening 
effect of buildings, etc., therefore 
versely, sections of which only a small part is covered 
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by the lines, probably are sparsely built up, and the 
screening, effect therefore a minimum. By dividing 
the data into two parts, for small and for large area of 
the section covered by the lines, and working up the 
two separately, a difference in the results should in¬ 
dicate the difference between low and high screening. 

The material was divided into eight groups, by the 
arrester density, so that each group contains about 
the. same number of failures. Then each group was 
divided into two sub-groups, of about the same number 
of failures, the one comprising the sections of small 
area covered by the lines, that is, probably low screen¬ 
ing, the other the sections of large area covered by the 
lines, that is, probably high screening. The total 
material, and the two subgroups separately, were then 
worked up into empirical curves of the form proposed 



ARRESTER DENSITY PER SQUARE MILE 
Fig. 4 


by Mr. Boper, by the 2 A method (Steinmetz, Engineer¬ 
ing Mathematics, Chapter VI. C.), and gave the three 
curves shown in Fig. 4 of the respective equations: 

T: Total data y = 

1.6 

x 

S: Small part of sections covered by the lines; 

1 64 

probably low screening: y = —^ 


C: Great part of sections covered by the lines; 

1 59 

probably high screening: y = 

1.00 

where y = percentage of failures per year; X 

x = arrester density, hundreds per square mile. 
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It is interesting to note the difference of the ex¬ 
ponents, which means, that curve G is much steeper 
than S. At low arrester densities, the three curves 
come together but increasingly separate with increasing 
arrester density, so that at 120 arresters per square 
mile, there is a difference of 12 per cent; 38 per cent 
at 200 arresters, and 59 per cent difference m the per¬ 
centage of failures at 300 density. . ■ 

We may account for the increase of screening with 
increasing arrester density thus: At. low a ^ res r S’ 
density, each arrester has to dram a considerable length 
of line, and the freedom from charge of its immemate 
neighborhood, due to the screening, has little effect 
on the total charge which the arrester has to carry off. 
With high density of arresters, however, each arrester 



Fig. 5 


drains only a small area, and the reduction of the 
volume of the discharge by the screened area is much 

m The ai Sponent e ‘l.6 differs slightly from the value 
1.75 found by Mr. Roper, probably due to the different 
grouping of the data here used. This suggests a 
change of the curve shape between high and low ar¬ 
rester density. Therefore, we worked the data up 
separately, for the range of low density, of medium 
and of high density. This, gives the three curves 
shown in Fig. 5, together with the average curve i, 
of the respective equations: 
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Low arrester density 


M: Medium arrester de n s i ty 


H: High arrester density 


As seen, the low density curve is very much steeper, 
about twice as steep, as the high density curve. In 
other words, increasing the number of arresters has 
nmcn more effect at low than at high arrester density: 
At low arrester density, a 1 per cent increase of ar¬ 
resters decreases the failures by 2 per cent, while at 
high density it reduces the percentage of failures bv 
1 per cent only. J 

of failures 11 ^ data ’ gives for Mr ' Ro P er ’ s equation 

»-# 

a 


the constants: a = 1.6 : A =1.62 

When using the exponent 1.6, but using only a 
group of the data for the calculation A, the value of 
A so derived, compared with the average A = 1.62 
shows how the failures of this group compare with 
the average. 

In Table I thus are given the values of A for the 9 
conditions: low density, high density and total: low 
screening, high screening and total. While the nu¬ 
merical values themselves have little meaning, their 
general trend seems to me decidedly significant, in 
indicating the relative increase of failures with de¬ 
creasing arrester density and with increasing screening 
and the increased effect of screening at higher arrester 
density, as shown by the percentage difference given 
m the table. 6 

At high arrester density, the exponent a in Mr. 
xioper s equation approaches 1. That is, the percent¬ 
age of failures decreases inversely proportional to the 
number of arresters, in other words, the total number 
of failures approaches constancy. 

This suggests plotting, not the percentage of failures, 
but the total number of failures, as function of the 
number of transformers or arresters per square mile. 
This is done in Fig. 6. Approach to constancy sug- 
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gests the exponential function. This is the more 
indicated, as the phenomenon is one of probability, 
and the probability function is exponential. 
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If then t = number of transformers lost per square 
mile per year, by the S A method the equation is de- 

nVed: t = 6.8 X 10 0 - 94 * - 0.92 

that is, for extremely high lightning arrester densities 
the average failures approach a minimum of 0.92 
transformers per square mile per year; for very low 
arrester densities, they approach 7.7 transformers. 

This equation is given by the curve m Fig. 6, and the 
eight groups of data marked by the circles. 

TABLE 1 



X 

6 



A — Low Density 

Total 

High. Density 

Small area 

1.69 

1.86 ’ 

2.05 

Total 

1.61 

1.62 

1.63 

Great area 

1.54 

1.41 

1.29 

Max. dif. 

0.15 

0.45 

0.76 

Per cent 

9.3 

27.8 

46.7 


E. E. F Creighton: When we come to a mass of 
useful data of the magnitude that Mr. Roper has 
presented it becomes a matter for careful study and 
thought for days. Speaking from nearly two decades 
of interest in the development of protective apparatus, 
I know of no other such labor expended m gathering 
valuable operating data and correlating it in a form to 
give useful conclusions. The process of collection 
of these data implies, in itself, a high degree of organiza¬ 
tion in the operation of this department m the Com¬ 
monwealth Edison Co. 
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There is much that could be said on many of the 
pomts brought out by. the correlated data. A n um ber 
oi these points may be more profitably discussed by 
those whose experiences come nearer to distribution 
practise than mine. The operating engineers, even 
it they do not favor us with their comments, must 
answer to themselves the question—How do these 
data and results bear on my own problems of pro¬ 
tection? Time limits my discussion to one or two 
phases of the subject. These phases may be found 
in the answer to the question—What value are these 
data to an engineer occupied in researches and develop¬ 
ment of lightning arresters? 

My first comments relate to the interpretation of 

-l i lg ' ^ is a shot-gun diagram of the data in 
which the relation between the number of arresters 
per square mile as abscissas is compared to the per- 
centage of transformer burnouts per year as ordinates. 
Mr. Roper has_ pointed out the efforts to make these 
data comparative. There are many factors involved, 
some of which are the same, on an average, in the dif¬ 
ferent areas, but there are a few factors which not only 
vary considerably but their exact weight cannot be 
determined at the present time. 

. However, acceptable methods are followed which 
gj ve > i n the final step in Fig. 18, a direct comparison of 
the relative value of the arresters in giving protection. 
Mr. Roper has shown in Fig. 17 an intermediate step, 
assuming that each type of arrester gives a logarithmic 
curve, in comparing the density of arresters to the 
percentage of transformers burned out per year, and 
has pointed out the inconsistencies of these overlapping 
curves. In words, the logarithmic curve says that the 
phenomenon varies at any point of the curve in pro¬ 
portion to_ its value at that point. This statement 
seems to give only an approximation of the truth. 

If the matter is looked at from the standpoint of 
mathemetical law, there enters the hyperbolic law 
which is a first-cousin to the parabolic law. It will 
be seen by a statement of this parabolic law that the 
data have elements very closely related. In its 
simplest form suppose one arrester in a given territory 
gives a certain number of burnouts. If two arresters 
are used there are two paths to ground and, neglecting 
all other factors except the resistance, there is half 
the ohmic resistance and therefore the number of 
transformers burned out might be somewhat propor¬ 
tional to one-half. When three arresters are used the 
resistance is one-third, when four are used the resist¬ 
ance is one-fourth, etc. These values of one, one-half, 
one-third, one-fouith, onerfifth for the ordinates, with 
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! equal units as the abscissas, give the familiar hyperbola, 

j It should be noted that the arresters are not concen- 

i trated at a point but on the other hand neither is the 

| charge that has to be dissipated by the arrester.. From 

| these general considerations I am inclined to think that 

both the logarithmic and the hyperbolic laws are in- 
\ volved and that the consideration of the combination 

| of the two may give a consistent curve for each ar¬ 

rester, comparable with the others throughout the en¬ 
tire length of the curve. Also further study of all the 
elements involved in each case may give some change 
in the grouping of points which might clarify the shot¬ 
gun diagram of Fig. 12. Mr. Roper has already done 
the most difficult part of the work in bringing order 
out of chaos. The difficulties he met can best be ap¬ 
preciated by those who have had to consider a mass of 
data which include so many variables, known and un- 

Turning next to the question of design, the ultimate 
aim in all of this work is to get, as an ideal, one hundred 
| per cent continuity of service.. While.it is not always 

economical to make such an installation there is still 
the desirability of having data which will allow the 
operating engineer to form a judgment as to the per¬ 
il .. * centage of service he may reach with definite types of 

; arresters and methods of installing them. Further¬ 

more, from the development standpoint it is desirable 
; i to aim at 100 per cent efficiency even if the initial 

financial undertaking is impracticable because as soon 
as a thing becomes possible it is usual that the factors 
that make it possible can be adjusted to bring the cost 
down to a reasonable value. . . 

The designer familiar with the characteristics of 
arresters involved in Mh. Roper s data is immediately 
given information on the character of the lightning 
discharges. It may not be generally known that it 
is possible to design arresters with as great precision 
i ! as is attained by a designer of motors and the like, 

j Laboratory methods of accomplishing this were devel- 

j oped years ago. It isn’t a lack of knowledge of the 

| characteristics of arresters that we have to contend 

1 ; ; with but a lack of knowledge of the nature of the dis- 

1 . charges that are imposed upon them. I shall make 

! an endeavor to interpret, to the best of my ability, the 

I bearing that Mr. Roper’s data have on explaining the 

1 nature of the lightning discharges. The arrester 

I shown in Fig. 2 over the letter B is the first one of the 

I several types developed for low-voltage distribution 

! circuits. Although expense of construction is . always 

I an important factor it was considered of minor import- 

! ance in this development as compared to being able to 
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meet the unknown conditions of lightning discharges 
on a distribution circuit. One known factor was that 
the lightning discharge is of short duration. It was 
not know, however, whether all lightning was of high 
frequency, medium frequency, or low frequency. We 
had no way of knowing whether it was always of steep 
wave front or of how slanting a wave front. We could not 
tell whether the quantity was relatively great or small, 
which is only another way of stating that we did not 
know how many miles of line would be charged to a 
high potential by induction from thunder clouds. 

We did know, however, that the dielectric of the 
transformers, the arrester was designed to protect, was 
tested at 10,000 volts for a minute between primary 
and secondary and that there were liberal factors of 
safety of insulation between turns and between layers. 
This gave the criterion of spark voltage of the arrester. 
The spark voltage should be made less than 10,000 
volts if possible. On the other hand, the spark volt¬ 
age must be above the value generated by accidental 
arcing grounds unaccompanied by resonance because 
such voltages are continual and will cause the destruc¬ 
tion of this type of arrester. As to the laboratory 
tests—it required of the arrester that the equivalent 
sphere gap on high frequency, medium frequency, and 
low frequency under small and large quantities of 
discharge should be kept within the dielectric strength 
of the transformers so far as they were known by test. 

To make a long story short, it resulted in the final 
design of this arrester in placing three gaps in series and 
arranging the electrostatic conditions between gaps such 
as to give a voltage breakdown of 6400 volts on 60 
cycles and less voltage on high frequency. Tests were 
also made with single uni-directed impulses and also 
on direct current to make sure that no gradually ac¬ 
cumulated charge would damage apparatus by not 
being able to spark over these gaps. It was necessary 
in this circuit to keep the series resistance very high 
because of the frequency of discharge and the weakness 
of the arc-interrupting power of three gaps. A great 
gain, however, was obtained by the fact that the line 
and lightning voltage had been led three gaps down the 
string of gaps. The sparks oscillating in these gaps are 
good conductors of electricity. The natural frequency 
of these sparks is of the order of a billion cycles per 
second. I am speaking now, not of the lightning dis¬ 
charge but of a local discharge between the brass 
cylinders which make up the three gaps. 

With this tremendously high frequency and con¬ 
sequently short time of operation three of the series 
gaps have been bridged and a small discharge started 












1954 


D. W. ROPER 


[Nov. 12 



to earth and the same lightning voltage may now 
jump the next three gaps with the same ease, there 
is here the evident advantage of bridging six gaps by 
making it in two lower voltage jumps of three gaps 
each. The excess voltage to jump the second group 
of three gaps is sometimes as small as 200 volts, al¬ 
though it required 6400 volts to spark through the 
first three. The ohmic resistance of this rod is not 
fixed—it does not follow Ohm’s law. The resistance 
decreases as the lightning voltage increases. The 
relation between voltage and resistance follows a 
logarithmic law—at 500 volts applied the resistance is 
of the order of 100,000 ohms. . 

This brings the connection of the Ine through six 
gaps to the low resistance, and lightning charges too 
great for the high resistance find their way to earth 
through the low resistance rod (of the order of 25 ohms). 

In the laboratory development, not knowing whether 
the quantity of electricity and the current of the light¬ 
ning discharge would give an unreasonably high-volt¬ 
age drop across this low resistance, the assumption was 
made that it might, and a shunt path of nine gaps was 
provided in parallel with the low resistance to meet, t his 
contingency. In the first conception of this arrest,er 
three resistance paths were laid out by the inventors, 
but it was found unnecessary to introduce the medium 
value of resistance. 

Here, then, was an arrester with it s several light ning 
paths which responded in the laboratory satisfactorily 
to high frequency, medium frequency, low frequency, 
single impulse, steep wave front, slanting wave front;, 
small quantity of electricity, and large quantity of 
electricity. 

In designing the compression chamber arrester I had 
in mind a more compact form of cheaper construction 
and based fundamentally on the assumption that, light¬ 
ning discharges were of fairly high frequency and of 
considerable quantity of electricity. Since the com¬ 
pression chamber arrester, as then designed, does not 
give a degree of protection equal to the graded shunt 
arrester one must conclude that I,here are either or 
both of the following factors in the induced lightning 
on distribution circuits. One of these factors is an 
occasional very heavy discharge. The oilier factor 
is an occasional single uni-directed impulse or a dis¬ 
charge of slanting wave front. Laboratory tests have 
shown that this arrester is not equal to the other in 
taking these discharges but have shown that the 
antennae make the compression chamber arrester 
extremely sensitive to high-frequency discharges. 

The conclusions then are that occasionally there oc- 
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curs extremely high voltage induced on the line involv¬ 
ing a correspondingly high quantity of electricity and 
also that lightning discharges are not always at high 
frequency. 

At the Washington meeting of the Institute in 1914 
the work of Mr. L. A. De Blois in taking oscillograms 
of induction from clouds showed that strokes with 
slanting wave fronts occur from time to time. How¬ 
ever, it was impossible to infer from these tests that 
there were no high-frequency oscillations superposed- 
on these slanting wave fronts. The natural frequency 
of the oscillograph is only 5000 to 10,000 cycles per 
second and therefore the vibrator could not respond 
to a higher frequency in the clouds even if it existed. 
By inference the data that Mr. Roper presents indicate 
that such slanting wave fronts do exist without the 
presence of high frequency. 

One of the characteristics of the distributed resist¬ 
ance arrester is its equivalent sphere gap under a 
discharge having a frequency of a million cycles per 
second. These are shown in curves in Fig. 7 of their 
discussion. The abscissas represent the d-c. voltage 
as measured by the sphere gap which starts the surge. 
The ordinates are the equivalent sphere gaps measured 
by the gap setting in parallel with the arrester. The 
curves are shown in pairs —the lower curve of each pair 
representing nine discharges over the sphere gap to 
one over the arrester, and the upper curve of each 
pair representing one discharge over the sphere gap 
to nine over the arrester. The lower pair of curves 
are the equivalent sphere gaps of the arrester under 
normal conditions of connection. The upper pair 
of curves are the equivalent sphere gaps of the fifteen 
gaps in series without the use of the resistance rods. 
Commenting on the normal equivalent sphere gap 
curves, an application of 10 kv. gives an average 
equivalent sphere gap of 10 kv. and the equivalent 
sphere gap increases gradually up to 16 kv. as the ap¬ 
plied potential increases. In all this part of the curve 
the discharge passes over the six series gaps and through 
the low resistance but does not bridge the nine gaps 
in parallel with the low resistance rod. However, for 
an application of more than 26 kv. of lightning poten¬ 
tial the spark takes a parallel path through the nine 
gaps and from there on up to an unlimited high poten¬ 
tial the equivalent sphere gap remains constant at 
16 kv. Heroin lies the fundamental advantage of 
this type of arrester, namely the automatic limitation 
of the lightning voltage of the transformer terminals 
to a definite value which is within the dielectric strength 
of the modem transformers. All arresters with nine 
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series resistances have their terminal, voltage gradually 
increased proportionally as the severity of the lightning 
discharge increases. . 

Incidentally it should be noted that the equivalent 
sphere gap of this arrester is, in some cases, greater than 
the applied voltage. For example, at 10 kv. applied 
the equivalent sphere gap is 12.5 kv. when one discharge 
in ten is passing through the sphere gap. This datum, 
when the resultant voltage is higher than the impressed 
voltage, may seem erroneous but it is simply because 
the intrinsic conditions are not fully considered. The 
impressed voltage is d-c. and is measured by a sphere 
gap. When this discharge is turned into an impulse 
the voltage may easily double. As a. very simple 
illustration of this condition— the application to an 
electrostatic condenser of 2 volts from a battery of 
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D.C. VOLTAGE BY SPHERE GAP 
OF APPLIED LIGHTNING 


Fig. 7 

low internal resistance will produce momentarily 4 
volts at the terminals of the condenser. The equiva¬ 
lent effect is obtained in these equivalent sphere gap 
tests. 

The equivalent sphere gap of the gaps without 
resistance begins with an application of 18 kv. before 
they will spark. With an equivalent sphere gap of 
24 kv. the curves, however, show the characteristic 
flattening down like the saturation curve of trans¬ 
former iron. Dr. Steinmetz gave the underlying 
theory of the multigap arrester in a disucssion in 15K)(> 
at the Milwaukee meeting of the A. I. E. E. 

What is the answer and what, is the next step? 
Naturally it is the readjustment of the compression 
chamber arrester to respond better to low frequency 
impulses and higher lightning voltage which we are 
now convinced exist. 

Another step is the housing of the distributed re- 
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wSfden bS 6Ster in a porcelain tube rather than in a 

arrSfw^°7/ eSear + ? hes . and desi § n ™>rk on these 
TW f I very actlv ® ten t0 sixteen years ago. 

a I reSt f S J ere ,sufficiently satisfactory to be 
lost to consideration during the great war when new 
problems of utmost importance were pressing for solu- 
- , ' , to thank Mr. Roper for reviving my 

further" effi'JJfV WOri V a ? d furnishin S the incentive for 
turther efforts toward improvement. Already a new 

factor has been discovered and utilized. Y 

V. E. Goodwin: When Mr. Roper was giving his 
paper I thought of a definition of lightning which was 
given some years ago. I think it was onginally given 

b r £ e ° rge ^ de or by George Fitch. Re said 
lhat ligntnmg is a stupendous demonstration of 
Uhm s law; m other words, millions of volts complicated 
by ohms and amperes.” I think that is about as good 
a definition as I ever heard of lightning. 

„ Roper’s paper, it is pleasing to 

note that the art of protecting electrical apparatus 
against voltage disturbances has made material pro¬ 
gress during the past ten years. This progress has 
been due, not only to the development of new pro¬ 
tection methods, but also to a wider knowledge of the 
nature and character of the effects of lightning on 
e i ec i t . nc circuits. We have had a good conception 
of these effects on high-voltage circuits, but until 
recently, have had little accurate data on low-voltage 
distribution circuits. Low-voltage arresters have, 
therefore, been designed to handle a wide range of 
impulse and high-frequency conditions. These ar- 
resters must have low cost and reliability; hence, it is 
difficult to incorporate all the best protection features 
for this entire range of conditions and still have an 
arrester which is cheap enough for the service. 

In this paper, Mr. Roper has given the Institute the 
most complete operating record which has ever been 
collected. This paper is of greatest value since it 
shows the failure of transformers and fuses blown during 
lightning storms covering a period of five years and 
includes an average of some 17,000 installations. 
This paper clearly shows the futility of trying to draw 
conclusions on the relative merits of protective schemes, 
without the most careful study of operating data, 
including several thousand installations and comparing 
each year’s operation with each successive year. A 
study of this report shows that with high density 
of arresters, transformer failures are reduced to a 
fraction of a per cent per year. This and other data 
show the prevalence of a certain class of disturbance 
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having high rates of change of potential and large 
destructive charges. Such disturbances as these re- 
quire the use of either u few arresters having high 
discharge rates or the use of a larger number of low 
discharge rate arresters in parallel This point is 
further brought out by the fact that the type Is ar¬ 
rester is superior to all the other types. 

As these tests progressed, we have been able to 
better understand the nature of disturbances on these 
circuits and to work on the development of a protector 
which will have even greater discharge rates and at 
the same time incorporate the best features of the all¬ 
porcelain enclosed type. 

By studying the transformer failures by storms and 
by years, it is noted that the greater losses seem to be 
confined to certain storms and that these losses for 
a given storm are grouped into a few square miles. 
The thought naturally comes to mind as to the pos¬ 
sibility of many of these failures having been caused 
simultaneously by one * unusually heavy lightning 
discharge. Such a discharge would release a very 
large bound charge on a system as large as the Com¬ 
monwealth Edison Company’s. Such a ^condition 
would suggest the application of a few additional ar- 
resters having a high discharge rate, as, for example, 
the aluminum or oxide film types, these arresters to be 
distributed about the city in the most important 
points. The same result could be obtained by the 
use of a greater number of arresters having a discharge 
rate intermediate between the aluminum and the 
multi-gap types. 

The data presented in this paper, while collected on 
a four-wire grounded neutral system, probably re¬ 
present conditions common to most low-voltage dis¬ 
tribution circuits. However, non-grounded circuits 
may present slightly different results and it would be 
most interesting if one or more of the large companies 
operating non-grounded systems would tubulate their 
results and present the information to the Institute. 

H. B. Gear: The results which have been tabulated 
in this paper seem to have settled one of the moot 
questions about the protection of distributing circuits, 
that is, whether or not there was one type of lightning 
arrester very greatly different from another. We seem 
to get reasonably good protection from all of these 
types, and the percentage of difference is so small as 
not to be at all serious. 

However, the question remains as to how far we shall 
go from an economic standpoint, in spending money 
for lightning protection in order to save ourselves 
damage to the transformer equipment and cables. 
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It is apparent from the law which has been worked out 
m connection with these figures that as more arresters 
are used per square mile, the cost in fixed charges and 
maintenance for the arrester equipment will increase 
while the cost of transformer burn-outs and the ex¬ 
pense of replacing fuses becomes less. We may there¬ 
fore strike an economic mean where the sum of the cost 
of transformer burn-outs and fixed charges on lightning 
arresters is a minimum. 

Taking the figures for the Commonwealth Edison 
bystem for the past five years, and using the figures of 
1917 as a basis for an average, the fixed charges on 
arrester equipment is approximately five times the 
cost _ of transformer burn-outs. It is $36,000 ap¬ 
proximately for fixed charges on arresters and $7,200 
£* the repair of transformers, a total annual cost of 
$43,500. This represents the condition where the 



Fig. 8 


average arrester density for the entire city is about 
190 per square mile. If an arrester density of 100 
were taken the percentage of burn-out would be 1.7 
according to the curve. This would represent trans¬ 
former burnouts of the value of about $22,000 and 
fixed charges on arresters of about $19,000 or a total 
of $41,000. There is a point between at 125 where 
the total cost, is about $39,000 which is about the 
economic minimum. These relations are apparent 
from the accompanying Fig. 8. 

Now what does this mean? As the City of Chicago 
is laid out, an arrester density of 128 arresters per square 
mile means an arrester for one transformer in each 
block. The higher densities occur only where there 
are separate transformers in the same block for power 
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and light service. There are many three-phase in¬ 
stallations in the same block with lighting transformers 
and in other cases single-phase units for power. I his 
means that putting arresters on additional power 
transformers in the block is less effective economically 
after a density of about 125 is exceeded than it is for 
the lower densities. 

From the point of view. of the transformer burn¬ 
outs, there seems to be nothing gained under conditions 
in Chicago, in providing arresters much above the 
equivalent of 125 arresters per square mile. However, 
the blowing of transformer fuses may justify some 
additional lightning arrester investment. _ 

The interruptions which were experienced before 
a lightning arrester had been put on every transformer, 
as shown, by the curve, produced a grade of service 
which was not satisfactory. The curves show a very 
decided flattening out above about 200 arresters per 
square mile, so that it would seem that practical 
limit should lie somewhere between 150 and 200 ar¬ 
resters per mile. 

Edward Bennett : The fact brought out in the paper, 
that in districts in which the number of transformers 
per square mile is high not only is the percentage of 
burn-outs less than in districts of lower transformer 
density, but also the number of burn-outs is actually 
less, is rather startling. It is extremely important 
that the proper interpretation be placed upon this 
undoubted fact. The decrease in the percentage 
of burn-outs with increasing transformer and light¬ 
ning arrester density is reasonable, but I would have 
predicted that in a given district the actual number of 
transformer burn-outs would increase as the number 
of transformers is increased from 100 to 300 per square 
mile. 

The potential against ground to which the trans¬ 
formers in different districts are subjected during 
lightning disturbances is affected by two things which 
vary from district to district. The first is the imped¬ 
ance of the discharge paths from the lines through the 
lightning arresters to ground; the second is the elec¬ 
trostatic shielding effect of the buildings and trees 
adjoining the power lines and of other conductors, as 
telephone lines, on the same poles as the power lines. 
This gives rise to two ways of account,mg for the 
decreased number of burn-outs in l,he districts of high 
transformer density. There is the explanation which 
Mr. Roper seems to favor, namely, that the increased 
number of lightning arresters per square mile which go 
with the increased number of transformers afford a 


freer discharge path to ground, and so lower the mag- 
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nitude and the duration of the potential which is still 
maintained between the winding and ground after the 
arrester gaps break down. The second possible ex¬ 
planation is that the districts of high transformer 
density are also districts of high building density, and 
that the buildings and telephone wires in such districts 
more effectually “shield” the power wires. It should 
be recognized that the variation in the shielding effect 
from district to district may cause a far greater varia¬ 
tion in the quantity of electricity induced upon the 
power lines (which must be discharged to ground) and 
consequently a greater variation in the magnitude and 
duration of the potentials to which the transformers 
are subjected than the variation caused by increasing 
the number of discharge paths from 100 to 300 per 
square mile. 

That the author fully _ recognizes the necessity of 
taking into account the shielding effect of buildings and 
trees is evidenced by the ninth item of the conclusions. 
It is, therefore, probable, that the statements in items 
4, 5 and 6. of the conclusions were made after a careful 
consideration of, and allowance for, the difference in the 
shielding effects in districts of high and of low trans¬ 
former density. The paper, however, contains no 
statement which gives those unfamiliar with the local 
conditions any light on the average relative shielding 
conditions in the different districts. In the absence of 
such data, it would seem that the unquestioning accept¬ 
ance of item 6 of the conclusions is not warranted. 
Undoubtedly Mr. Roper will throw additional light 
on this question in his reply to the discussion of the 
paper. 

H. R. Woodrow: The arrester shown in Fig. 3 
of the paper—without the external resistance, has 
apparently given slightly better protection. The 
elimination of the resistance makes it possible to get 
a greater discharge, and I should like to inquire if there 
has been any greater burning or other disadvantage 
in this type of arrester which has come to your notice. 

The results of this investigation indicate that the 
major portion of our lightning troubles are due to 
voltages induced in the circuits rather than the trouble 
from direct strokes, as the advantages of multiplicity 
of lightning arresters apparently follow the inverse 
laws, which would be expected with the induced con¬ 
ditions, whereas a direct stroke of lightning would be 
localized more, and would not cover a wide number of 
arresters. 

H. R. Summerhayes: Do the figures Mr. Gear 
has given include all of the costs due to transformer 
burn-outs—for instance, the loss of revenue during 
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the time the transformer is out of service, the installa¬ 
tion cost of replacing it, and whether any value is set 
on the lack of service during that time other than the 
loss of current. It.seems to me that while it is difficult 
to evaluate, yet there is a certain value for giving good 
service which might justify the use of a greater number 
of arresters than the number which simply reduces the 
total cost of transformer burn-outs, and of arrester 
maintenance, to a minimum. 

H. B. Gear: With regard to the cost of handling 
the transformers, that is included and only that part 
of the cost ,of the burn-outs which is due to repairing 
is included; it doesn't include the entire cost of trans¬ 
formers burned out except in such cases as the trans¬ 
former is a total loss. You are quite right that it is 
quite impossible to evaluate the loss in service. The 
amount of revenue lost from burned out transformers 
is so small that it is not a factor, but the loss of reputa¬ 
tion and the losses to customers does amount to an 
appreciable item where the number of burn-outs is two 
or three times as many as it is under a well-protected 
system. 

I agree with Mr. Summerhayes that we should prob¬ 
ably tend, on that account, because of the service 
features, to work above the minimum point of the 
curve. 

D. W. Roper: It is very gratifying to the author 
to have Dr. Steinmetz confirm his deductions and to 
learn that these deductions have a somewhat wider 
scope than set forth in the paper. It is particularly 
interesting to know that Dr. Steinmetz confirms the 
deduction that all types of arresters which consist of 
a resistance in series with a number of gaps, and in 
some cases with additional features, are ail practically 
equal in protective value; and also that in order_ to 
secure the best lightning protection for distribution 
circuits we must use a type of arrester in which one 
of the paths is through a number of gaps without any 
resistance in series. It is to be hoped that the manu¬ 
facturers will respond by the production of such ar¬ 
resters which for permanence and low annual mainte¬ 
nance, should be contained in a porcelain case so de¬ 
signed as to prevent the entrance of moisture. 

Dr. Steinmetz also points out that there is no theo¬ 
retical advantage in having the arrester on the same 
pole with the transformer and that it would probably 
be just as effective if installed on the next adjacent 
pole, or in the same block. These deductions may in 
some cases result in a simplification of the construction 
on transformer poles anil also reduce the number of 
arresters required as it has heretofore been thought 
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necessary to install an arrester on each of the trans¬ 
former installations in any one block. 

It is interesting to note that the most effective 
arrester indicated by B in Fig. 2 is one of the oldest 
designs and was the subject of a paper before the In¬ 
stitute in 1907 (Protection Against Lightning and 
Multi-Gap Lightning Arrester by Rushmore & Du- 
Bois, Transactions A. I. E. E., Volume XXVI, 
page 425). During the annual inspection of all of 
the arresters of this type on our lines for several years 
it was noted that the shunted gaps very rarely showed 
any signs of arcing, that is the percentage of arresters 
showing arcing on the shunted gaps was of the order 
of one-fifth of one per cent per annum. It was at 
first thought that this indicated that these gaps were 
of very little service in the performance of the arrester 
but it seems more proper to consider that it is due to 
the_ fact the arc across the shunted gaps is probably 
extinguished at the end of the next half cycle following 
the discharge. The frequent burning of the gaps in 
series with the resistance further indicates that the 
arcs across such gaps are extinguished more slowly 
than is the case with the shunted gaps. 

The discussion by Mr. Creighton leads the author 
to hope that it may be possible to design an arrester 
which will have a maximum voltage across the ter¬ 
minals of the arrester that will be below the arcing 
potential across the transformer bushings and the di¬ 
electric strength of the transformer windings. The 
improvements in lightning protection during the ten 
years covered by these investigations have already 
eliminated nearly 90 per cent of the troubles from light¬ 
ning and if such arrester can be produced then it 
should be possible to eliminate the other 10 per cent. 

Mr. Woodrow inquired about the disadvantages of 
arrester B. The principal disadvantages of the present 
design of this type of arrester are the wooden box, 
which is required for protecting the arrester from the 
weather, and the occasional burning of the series 
gaps, so th at the arresters must be inspected every year or 
two and the cylinders turned so as to expose a new por¬ 
tion for the gaps. The later designs of lightning ar¬ 
resters have the gaps in the form of a ring exposing 
a much larger area of the metal in the gap and it 
appears possible by using this form of the gap and by 
placing this arrester in a porcelain casing to retain 
all of the good features of this type of arrester and 
eliminate its principal disadvantages. With these 
changes in the design the annual inspection and ad¬ 
justment will be eliminated, causing a reduction of 
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about 25 per cent in the total annual charges for this 
; 1 type. . 

|1 Mr. Hayden has made the assumption that the 

scre enin g effect of neighboring trees and buildings is pro¬ 
portional to the density of the transformers and on 
the basis of this assumption has drawn some curves 
! of lightning arrester performance which seem to in- 

S dicate that a maximum effectiveness is reached at a ■ 

rather low density. Following a careful study of 
selected portions of the city since the discussion it 
has been found impossible to check Mr. Hayden’s 
assumptions. While it may be true that in general 
the greatest screening by overshadowing tree or build¬ 
ings is in the areas of the greatest transformer density, 
it is equally true that in some sparsely settled outlying 
districts with comparatively few transformers per mile 
there are some sections in which the screening is equal 
to the best found in the thickly populated areas. As 
we are unable to check Mr. Hayden’s assumptions 
we cannot confirm his conclusions based on these 
assumptions. 

Referring to Professor Bennett’s remarks on the 
subject of shielding and to his criticism of conclusion 6, 
it is very difficult, if not impossible, to draw any ac¬ 
curate conclusions regarding the effects of shielding 
without an extensive and expensive survey of the city 
to rate the shielding in the various sections and to 
make proper allowance therefor in the tables and curves. 

Instances are very rare in Chicago where the shielding 
is anywhere near uniform for an entire section or 
square mile and in the locations where the shielding 
is fairly unif orm over a considerable area these areas 
may lie in two or three of the sections as shown on 
. the table because of the non-coincidence of the bound¬ 

aries. We do know that the shielding effect of trees 
and buildings may be considerable and we also know 
that in the newer districts which are being built up 
within the city, in general, they are areas which are 
entirely barren of trees, so that a few years after such 
real estate subdivisions are opened the pole lines are 
the most conspicuous feature of the landscape. In¬ 
stances of transformers being burned out by lightning 
and located where they were considerably overshadowed 

by trees and buildings are comparatively few, but 
per contra we occasionally find a transformer fuse 
blown by lightning and located under the shadow of 
a tall church steeple. In a recent storm also the 
primary fuse on a subway transformer was blown, 
apparently by lightning, as it occurred during a light¬ 
ning storm and no other trouble was found. 

We have attempted, however, to get a rough quan- 
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j titative idea of the effect of shielding by selecting 32 

sections, that is about one-sixth of the total number, 
1 in which the shielding was known to be considerable, 

and then comparing the percentage of burnouts from 
these sections with the corresponding points on the 
curve in Fig. 12. This is the equivalent of attempting 
to draw a curve like Fig. 12 with only one-sixth of 
\ the points and so the results obtained in this manner 

would at best be only a very rough approximation. 
The ordinates of these 32 points, however, averaged 
about 82 per cent of the corresponding ordinates on 
j the curve. It is obvious that if the curve for the 

shielded sections is below the curve in Fig. 12 the 



Fig. 9—Diagram Showing For a Period of Years the 
Relation Between the Percentage of Burnouts Due to 
Lightning and the Precipitation during the Lightning 
Season 

curve for the unshielded sections would be above that 
curve and the difference between the two new curves 
would show the effect of the shielding. The results 
from the 32 selected sections where the shielding is 
known to be rather high appear to warrant the con¬ 
clusion that the effect of the shield ng may account 
for as much as one-half of the protection, according 
to the degree of shielding, and that the remainder is 
due to the density of lightning arresters. Conclusion 
6 appears to be entirely warranted by Chicago condi¬ 
tions because the outlying districts with the scatter¬ 
ing transformers are in general entirely without pro¬ 
tection except such as they receive from the arresters. 
It would not apply however, in some of the suburban 
districts beyond the city limits of Chicago, notably 
on the North Shore, where new real estate subdivision 
are being opened up in hardwood forests and where 
the clearing of the land for the purpose of providing 
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space for the building and the garden will supply 
the owner with enough cord-wood to last a year or two. 

Dr. Steinmetz mentions the connection between 
rain formation and the potential differences which 
result in lightning. This phase of the subject was 
discussed at considerable length by Professor W. J. 
Humphries in a paper published in the Journal of the 
Fra nklin Institute for November, 1914. In this paper 
are given some data and curves showing the intimate 
relation between precipitation and damage by light¬ 
ning. In Fig. 9 is plotted the percentage of burnouts 
in Chicago due to lightning and also the precipitation 
during the lightning season as obtained from the 
Weather Bureau records. This diagram appears to 
indicate a very close relation between the precipitation 
and the burnouts due to lightning when the figures 
are taken for an entire season, but the same intimate 
relation is not found if the comparison is carried to 
the individual storms. 

Early in the progress of the investigations which pre¬ 
ceded this paper the data were assembled and tabulated 
by lightning arrester areas as shown in Fig. 6 and then 
submitted to the engineers of the lightning arrester 
manufacturers for their comments and suggestions. 
In looking over the tabulation their first comment was 
that there appeared to be some trouble in the southern 
portion of the city. Each of the engineers desired to 
visit this section of the city having in mind that the 
cause of the trouble could probably be ascertained 
upon inspection. About the only result of the in¬ 
spection was to note that the transformers were rather 
w dely scattered and that there was very little shielding 
of the lines from overshadowing trees and buildings. 
It now appears that the reason that the lightning 
troubles are so numerous in this portion of the city 
is the low density of lightning arresters and the ab¬ 
sence of any protection from trees and buildings, and 
that the amount of trouble is entirely explained by 
these two factors without recourse to the imaginary 
effect of such items as river valleys, hills or other 
geographical features of the surrounding country. 
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LIGHTNING ARRESTER SPARK GAPS—II 


BY CHESTER T. ALLCUTT 

Westinghouse Elec. & Mfg. Co., E. Pittsburgh, Pa. 

This paper presents data giving the discharge 
characteristics of a commerical type of impulse gap 
under different conditions. Test data are also pre¬ 
sented giving the characteristics of certain experimental 
gap structures designed to minimize the effects of 
adverse weather conditions, such as rain, fog, etc. 

A brief discussion of some of the factors that determine 
the degree of protection afforded by a lightning arrester 
spark gap is included in the paper. The term “pro¬ 
tection factor” is defined and curves giving the pro¬ 
tection factor of certain types of gap are presented. 

I N a former paper presented before the American 
Institute of Electrical Engineers in June 1918, 1 
the writer described a selective gap for light¬ 
ning arresters and gave the results of a number of tests 
on an experimental form of such a gap. Since the pres¬ 
entation of that paper, this selective.gap, now commonly 
known as the impulse gap, has gone into rather ex¬ 
tensive commercial use and it is thought that some 
data concerning the electrical characteristics of the 
commercial form of gap might be of interest. The 
object of this paper is to present such data and to 
discuss some of the features upon which the protective 
value of the gap depends. 

It is well-known that the danger to electrical appa¬ 
ratus, due to line disturbances of steep wave-front may 
be all out of proportion to the actual voltage* of the 
disturbances. This is because a voltage of high fre¬ 
quency or of steep wave-front does not distribute itself 
uniformly through an electrical winding, but tends to 
“pile up” on the end turns of the winding and thus 
greatly endanger the insulation between turns. Due to 
its high electrostatic capacity the electrolytic light¬ 
ning arrester is particularly well adapted to discharge 

1. C. T. Allcutt, “Lightning Arrester Spark Gaps.” Transac¬ 
tions, A. I. E. E./Volume XXXVII. 
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high-frequency disturbances. Unfortunately, the elec¬ 
trolytic arrester must be connected to a line through a 
spark gap, as permanent connection to the line will re¬ 
sult in over-heating and ultimate destruction of the 
arrester. It is necessary that the spark gap which 
connects the arrester to the line be so adjusted that it 



will not discharge normal line voltage. It is highly 
desirable,-however, that the spark gap should discharge 
high-frequency disturbances at the lowest possible volt¬ 
age in order to obtain a high degree of protection 
against such dangerous disturbances. The value of the 
impulse gap lies in the fact that it is selective in its 



Fig. 2a—Impulse Gap on Fig. 2b—Impulse Gap with 
60 Cycles High Frequency Applied 

action, that is, it will discharge a high-frequency dis¬ 
turbance at a voltage considerably less than its 60- 
cycle discharge voltage. By means of this. gap, an 
electrolytic arrester may be isolated from the line under 
normal conditions and yet is automatically connected to 
the line upon the occurrence of a high-frequency im¬ 
pulse even if the magnitude of this impulse is less than 
the 60-cycle setting of the gap. 





I 




1920] CHESTER T. ALLCUTT 1969 

Fig. 1 shows the electrical circuits involved in the 
simplest form of impulse gap. The gap proper consists 
of two sphere-horn electrodes a and b, which are con¬ 
nected respectively to the line and to an electrolytic 
arrester in the usual manner. In addition to these two 
main electrodes, an auxiliary electrode c is provided 
which is connected to one of the horns through a con¬ 
denser d and to the other horn through a similar con¬ 
denser e and a high resistance /. When a 60-eycle- 
e. m. f. is applied across the gap the impedance of the 
resistance is negligible compared with that of the con¬ 
densers, so the circuit is equivalent to that shown in 
Fig. 2a. In this figure, it will be seen that if the two 
condensers are equal, the potential of the auxiliary 
electrode will be half-way between the potentials of the 
two main electrodes. If the auxiliary electrode is 
placed half-way between the main electrodes, it will 
have practically no influence on the distribution of the 
electrostatic field between the two main electrodes, 
and consequently, the voltage required to produce a 
discharge across the gap will be substantially unaltered 
by the presence of the auxiliary electrode. If a high- 
frequency e. m. f., such as a line disturbance of steep 
wave-front, is impressed on the gap, conditions will be 
quite different from those existing when a 60-cycle 
e. m. f. is applied. In this latter case, the impedance 
offered by the resistance element is very much greater 
than the impedance of the condensers, so that the gap 
becomes very nearly'equivalent to that shown in Fig. 
2b. In this case it will be seen that if the capacity 
of the condenser is large compared with the capacity 
existing between the auxiliary electrode and the main 
electrode, practically the entire voltage will appear 
across half the gap, that is, between the auxiliary elec¬ 
trode and one of the main electrodes. A discharge across 
this half gap will immediately charge up the condenser 
to full voltage and a discharge across the other half of 
the gap will immediately follow. It becomes apparent 
from the foregoing that the discharge voltage of the 
gap should be much lower when a high-frequency 
e. m. f. is applied than when 60-cycle e. m. f. is applied. 
For example, if we assume that the separation between 
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the main electrodes is, say, six cm., the gap will behave 
on a 60-cycle line in the same manner as an ordinary 
sphere horn gap having the same gap setting. . When a 
high-frequency e. m. f. is applied to the gap, it will be 
very nearly equivalent to a needle gap having a setting of 
but three cm. As pointed out in the ■writer’s former 
paper, it has actually been demonstrated by experiment 
that this construction does result in a much lower dis¬ 
charge voltage for high frequency than for 60 cycles. 

Fig. 8 shows a standard 44,000-volt impulse gap. A 
rather exhaustive series of experiments was carried out 
on the gap shown in this photograph. The experi¬ 
ments involved tests on frequencies ranging from 60 
cycles up to the highest frequencies that could be pro¬ 
duced in the laboratory. Inasmuch as the other sizes 
of impulse gaps have characteristics very similar to 
those of the one shown, the writer is presenting here 
only the data obtained on this one size of gap, because 
the most complete series of tests was made on this size. 

The gap shown in Fig. 3 differs somewhat from the 
experimental type described in the previous paper. 
The capacitances for maintaining the auxiliary electrode 
at the proper potentials are furnished by pin type in¬ 
sulators a and b. These insulators have an electro¬ 
static capacity of approximately 2 X 10 -11 farad. Due 
to the effect of capacity to ground, the auxiliary elec¬ 
trode is not maintained at a potential exactly half-way 
between the potentials of the main electrodes. It has 
been found by experiment that the proper position of 
the auxiliary electrode is such that its distance from the 
sphere horn m is approximately six-tenths of the gap 
length. In this position it does not materially alter 
the 60-cycle discharge voltage of the gap. The un¬ 
balancing resistance is furnished by the resistors c and d 
which are enclosed in porcelain tubes mounted on the 
porcelain pillar e. These resistors have about 250,000 
ohms resistance each and are of a special composition 
that retains its high resistivity under the most severe 
conditions of high voltage and high frequency. . The 
resistors are about 30 cm. in length. The auxiliary 
electrode / is a pointed brass rod 0.08 in. (0.2 cm.) in 
diameter held in a ^-in. (0.95-cm.) diameter brass 
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support member g, which is in turn mounted on an arm 
h of 1-in. angle iron. The hemispheres j mounted on 
horns are made of brass and are 12.5 cm. in diameter. 
In practise the charging resistance of the arrester is 



Fig. 3—44,000-Volt Impulse Gap 


connected between the horn members k and l. For the 
purpose of test, k and l were connected and grounded 
to the frame of the gap structure. 

The impulse discharge voltage of the gap was deter- 
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Fig. 4—impulse Generator Connections 


mined by a direct comparison with a 12.5-cm. sphere 
gap connected in parallel with it. The high-tension 
electrodes of the gap under test and of the sphere gap 
were connected by a straight lead and the connection 
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to the impulse generator was brought out from the 
middle point of this lead. The impulse generator itself 
was connected as shown in Fig. 4. The following cir- 



Fig. 5—Impulse Discharge Characteristics of Impulse 
Gap Compared With Sphere Gap 

cuit constants were employed, giving very nearly criti¬ 
cally damped impulse voltages. 
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Fjg. 6—Impulse Ratio of Impulse Gap Compared With 
Sphere Gap 
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GAP SETTING CM. 


For 100 kilocycle impulse: 
C = 5X10” 9 farad 
L = 1.25 X 10“ 3 henry 
R = 1,000 ohms. 
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For 420 kilocycles impulse: 

C = 5 X 10 -9 farad 
L = 8.3 X 10- 5 henry 
R = 320 ohms 

The condenser employed consisted of a stack of 100 
impregnated paper condensers connected in series. 
Each condenser had a capacity of 0.5 microfarad. 
Single-layer inductances and water-tube resistors were 
used to complete the oscillating circuit. The test 
methods were identical with those outlined in the 
writer’s previous paper. 



60- DISCHARGE VOLTAGE UNDER RAIN CONDITIONS KV.MAX 

Fig. 7 Impulse Discharge—the 60-Cycle Discharge 

Fig. 5 shows the impulse discharge voltage of the 
impulse gap plotted as a function of the gap setting. 
For purpose of comparison, a curve giving the impulse 
discharge voltage of a sphere gap is also shown. This 
curve also represents the 60-cycle discharge voltage of 
the impulse gap. The ratio between the impulse dis¬ 
charge voltage of a gap and its 60-cycle discharge volt¬ 
age has been termed the “impulse ratio” by Mr.F.W. 
Peek. 2 The curves given in Fig. 6 show the impulse 
ratios of the impulse gap and of a simple sphere gap. 

When a lightning arrester spark gap is placed out of 
doors, the impulse ratio is not the proper criterion of the 
protective value of the gap. The spark gap must he so 
adjusted that it will withstand normal line voltage 

2. F. W. Peek, Jr., “The Effect of Transient Voltages on Di¬ 
electrics.” Trans. A. I. E. E., Vol. XXXIV, 1915. 
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under the most unfavorable condition,^mta^by 
riri nppessary in service is, therefore, determined oy 
tS SS. discharge voltage under ram conditions 
since in general, the 60-cycle discharge voltage of a 
S i'sSiiderably reduced by moisture ou t:he surface 
of the electrodes, sueh as is caused by ram or fog. The 
immdse dtacharge voltage, on the other hand, is prac- 
by rainfall. The degree of profaciaon 
affainst high-frequency disturbances afforded by the gap 
a , gal ci g L^ c nn the ratio of the impulse discharge 



Fig . 8 -Protection Factor of Impulse Gap Compared 
With Sphere Gap 

voltage of the gap to the 60 -cycle discharge voltage 
under rain conditions. The term protection factor 
has been proposed for this ratio. For a spark gap 
located indoors or otherwise completely protected from 
the weather, the protection factor will be the same as 
the impulse ratio. 

Fig 7 shows the impulse discharge voltage of the 
impulse gap plotted as a function of the 60-eycte dis- 
charge voltage under rain conditions, while Fig. » 

3. C.T. Allcutt, Discussion of Mr. Peek’s pamper on “The Effect 

of Transient Voltages on Dielectrics—II. Trans. 

Vol. XXXVIII, p. 1165. 
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gives the protection factor as a function of gap setting. 
A comparison of Figs. 6 and 8 shows that the degree of 
protection afforded by a gap is considerably lessened 
where the gap is exposed to rain or dew. It is at once 
apparent that it would be highly desirable to provide 
some means for protecting a lightning arrester gap from 
the objectionable effects of adverse weather conditions 
without going to the great expense of constructing a 
shelter sufficiently large to cover the entire horn gap 
structure. 



Fig. 9—Protected Impulse Gap 


In a recent paper presented before the Institute 4 , 
Mr. F. W. Peek described a very ingenious structure 
designed to obviate the difficulties due to rainfall 
without the necessity of providing a shelter over the 
arc-breaking horns of the gap. This "double balanced 
sphere gap,” as Mr. Peek called his structure, consists 
of two sphere gaps in series. One of these gaps is 
sheltered from the weather and the design is such that 
the discharge voltage of the two gaps in series is deter¬ 
mined largely by the discharge voltage of this sheltered 
gap. The arc-breaking horns are located outside the 
shelter. For a better description, reference is made 
to Mr. Peek’s paper. 

4. F. W. Peek, Jr., “The Effect of Transient Voltages on Di¬ 
electrics—II.” Trans. A. I. E. E., Vol. XXXVIII p. 1137. 
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flows across the gap g except the charging curmi_o 
the condenser d. The discharge across g is only a 
fine “pin spark” so that it may be found possible to 
enclose g in a hermetically sealed chamber of ‘jmK 
dimensions containing dry air. A gap of this charac 
should be entirely independent of weather conditions. 
Fig 12 gives the discharge characteristics of this form 
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of protected gap. In obtaining the data for this 

M SSltTtap^SbleTwhether a protected 

2 p^MMes of this device available for presenta- 

“TtS”noS e «'the test data pres^ in 
“ ^ve only the results of tests up to 420 kilo¬ 
cycles. Tests have been made in the laboratory^ 
far higher frequencies, hut it is not believed that thes 
higher frequencies represent conditions that actu y 
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occur in a transmission line. In a recent paper pre¬ 
sented before the Institute, Dr. C. P. Steinmetz 6 
showed that an infinitely steep wave-front traveling 
along a transmission line will be reduced to a frequency 
of 1000 kilocycles after traveling about 300 yards. 
The 420-kilocycle wave-front used in these tests rep¬ 
resents an infinitely steep wave after having traveled 
about one mile. Some curves showing the discharge 
characteristics of the impulse gap with extremely 
steep wave-fronts (3000 kilocycles) applied were pre¬ 
sented by the writer in his discussion of Mr. Peek's 
recent paper. These 3000-kilocycle tests, however, 
represented conditions that could not occur in prac¬ 
tise, as an infinitely steep wave-front would be reduced 
to a frequency lower than this in less than 100 feet. 


TABLE I 


STANDARD 44-KV. IMPULSE GAP 


Gap 

setting 

cm. 

60 — 

Discharge 

100-kUocyele 

impulse 

420-kilocycle 

impulse 

Dry 

kv. 

max. 

Rain 

kv. 

max. 

Kv. 

max. 

Impulse 

ratio 

Protec¬ 

tion 

factor 

Kv. 

max. 

Impulse 

ratio 

Protec¬ 

tion 

factor 

2 

59.5 

28.5 




39.5 

0.66 

1.39 

4 

109 

46.5 

56.5 

0.52 

1.22 

71 

0.65 

1.43' 

6 

147 

61 

76.5 

0.52 

1.25 

93.5 

0.635 

1.53 

8 

170 

73 

90.5 

0.53 

1.24 

109 

0.64 

1.50 

10 

190 

85.5 

110 

0.58 

1.29 

124 

0.65 

1.45 

12 

207 

95 

117 

0.565 

1.23 

145 

0.7 

1.53 


TABLE II 

PROTECTED IMPULSE GAP SHOWN IN FIG. 9. 


Gap 

setting 

cm. 

Aux. 

gap 

setting 

cm. 

60-cycle 

discharge 

rain 

100-kilocycle 

impulse 

420-kilocycle 

impulse 

Kv. max 

Protec¬ 

tion 

factor 

Kv. max. 

Protec¬ 

tion 

factor 

4 

0.87 

46.5 

45 

0.97 



6 

1.15 

61 

52 

0.85 

54 

0.88 

8 

1.4 

73 

65 

0.89 

64 

0.88 

10 

1.7 

85.5 

75.5 

0.88 

79 

0.92 

12 

2.0 

95 



81.5 

0.86 


m 5 - C * P- Steimetz, ‘‘General Equations of the Electric Circuit.!: 
Trans., A. I. E. E., Vol. XXXVIII, 1919, Part I, page 191. 
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LIFE AND PERFORMANCE TESTS OF O F 
LIGHTNING ARRESTERS 


BY N. A. LOUGEE 

General Electric Co. 

I —LIFE RUN TESTS OF 0 F ARRESTERS 

INCE the first papers on the oxide film (0 F) 
lightning arrester were given a little over two 
years ago, 1 the arrester has proved itself to be a 
worthy piece of apparatus by performance in regular 


Fig. 1—Oxide Film Lightning Arrestee for Indoor Ser¬ 
vice on Three-Phase Circuits, 5000-7500 Volts 

service. Several hundred arresters up^ito 73-kv. 
rating, are now installed on both indoor and outdoor 
circuits, and higher voltage units will soon beinservice. 
Figs. 1, 2, 3 and 4 show the typical designs used. 

1. The O F Lightning Arrester, Trans., A. I. E. E., Vol. 
XXXVII, 1918. 
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In Fig. 1, the three phase legs and the ground leg are 
all arranged in one stack, the bottom section being the 
ground leg. In Fig. 2, the three phase legs are the 
upper sections and the ground leg is the lower section. 
In Figs. 3 and 4, the three phase legs and ground 
leg are set up parallel to one another. Fig. 5 shows 
the covered sphere gap used with the outdoor design, 
which permits of an indoor setting. Due to the small 
leakage current of these arresters (about 0.010 ampere), 



ig.2—Oxide Film Lightning Arrester for Indoor Ser¬ 
vice on Three-Phase Circuits, 15,000-25,000 Volts 

it is not necessary to use horn gaps to aid in breaking 
the arc, and it is, therefore, possible to use the covered 
sphere gap which has previously been described in 
the Transactions of the Institute. 2 Fig. 6 shows the 
testing device used and its method of operation, 
about which more will be said a little later. 

The life of a lightning arrester is a very important 
factor, and one that has to be estimated from both 
operating and laboratory data. Operating data ob- 

2. The Effect of Transient Voltages on Dielectrics — II, F. W. 
Peek, Jr., Trans., A. I. E. E., Vol. XXXVIII. 
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3. 3—Oxide Film Lightning Arrester for Indoor Ser¬ 
vice on Three-Phase Circuits, 37,000-50,000 Volts 


tained during the past five years show that little 
deterioration has occurred to the O F cells. Cells 
have been returned from typical installations and 
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tested and little, if any, change has been found. 
Fig. 7 is a view of an opened returned cell, and shows 
the film side of the electrodes and the porcelain spacer. 
The lead peroxide (P b 0») filler has been removed. 



Fig. 5—Covered Hemisphere Cap as Used on Outdoor 
Type Oxide Film Arrester— -50,000-73,000 Volts—Sec¬ 
tion op Cover Omitted to Show (Jap 


This cell was returned recently from a 13,000-volt 
arrester installed early in 1916, and which has been 
subjected to much more than average service, due to 
its location and surroundings. The few white spots 
in the illustration are discharge areas covered with 
yellow litharge (P b 0). This PbO area or plug is 
what has caused the cell to reseal after the surge has 
passed through, and is reduced from the P h ()•> filler 
by the^heat of the current through the small discharge 
spot in the film. The larger dark areas are where some 



Fia. 6—Oxide Film Cell Testing Device in Position por 

Testing 

of the P b Os filler is still adhering to other discharge 
areas, and the light background is the varnish film. 
The lead’peroxide'.'filler showed no change. 

To obtain'information on the life of OF arresters 
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several years ahead of outside reports, however, an 
intensive test has been running during the past few 
years. Fig. 8 gives the general scheme of circuit used. 

In Fig. 8, the surge circuit is shown to the right 
and consists of the usual inductance, capacitance 
and air gap, used to obtain oscillations. The 50,000- 
volt transformer charges the condensers, which, 
upon breaking down the air gap set for a little under 
50,000 volts, cause the surge through the arresters. 
The transformer to the left supplies the dynamic 
60-cycle voltage to all the arresters running on this 
particular voltage. Ordinarily all the lever switches 



Fig. 7—Inside of Electrodes of 0 F Lightning Arrester 
Cell Returned From 13,000-Volt Installation After 
Four Years of Service 

are down (Fig. 8 shows only one particular voltage, 
one arrester and one set of switches. With this 
arrangement the arresters are separate from the 
surge circuit. When it is desired to surge any 
one particular arrester, the upper lever switch cor¬ 
responding to this arrester is thrown, thus parallel¬ 
ing the two transformers supplying dynamic volt¬ 
age. The lower lever switch is then opened and 
this particular arrester is still on dynamic voltage, 
but also on the surge circuit which can now be 
thrown on. After surging, this arrester is thrown 
back on the regular dynamic transformer, and the 
next arrester put through a similar operation. This 
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arrangement of transformers and switches permits the 
regular dynamic voltage to all the arrester to be un¬ 
interrupted during surging operations. 

0 F arresters were placed on 330, 2300 and 12,700 
volts respectively at 60 cycles with no series gap, and 
all arranged as shown in Fig. 8. These arresters have 
been surged daily, the surge current through the ar¬ 
resters having a maximum peak value of about 50 am¬ 
peres and dying down to about 20 amperes at the end. 
T his surge, having a surge impedance of 370 ohms is 
representative of an actual surge on a line, except that 



Fig. 8—Circuit Connection Used in Intensive Life Run 

Tests 

the average actual surge has a higher frequency and 
may at times be more powerful. It has been found, 
however, that the lower the frequency of a surge, the 
more difficult it is for an arrester to seal. 

330-Volt Circuit—Single 0 F Cells. 

These cells take from 5 to 75 milliamperes leakage 
current and run at a temperature of about 50 deg. cent. 
It took about four years to record a failure with these 
cells. A failure then occurred by enough of the P b 0 2 
being reduced to cause high internal resistance and hence 
loss of protection. The voltage across the cells being, 
of course, always the same, causes this group of cells to 
be more permanent than the 2300- and 12,700-volt 
arresters. With these latter arresters the voltage dis¬ 
tribution across the various cells may change. This 
adds one more variable to the action of arresters consist¬ 
ing of more than one cell. 
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2300-Volt Circuit—Eight 0 F Cells in Series. 

These arresters so far have acted about like the 
single cells; that is, voltage distribution has remained 
normal. Voltage distribution is obtained by means of 
shunting vacuum tubes, which break down or glow at 
various voltages, across each cell in turn. It is the 
same idea used to test the cells in service as shown in 
Fig. 6. For service conditions a vacuum tube which 
will glow at about 1000 volts a-c. is used. As the in¬ 
ternal condition of a cell changes, and more particu¬ 
larly the film, the voltage drop when in series with a 
number of cells may change. Although this is not an 
infallible method of picking out poor cells in service, 
it does give a reliable indication in most cases. For 
voltage distribution tests, tubes breaking down be¬ 
tween 100 and 2300 volts a-c. respectively are used. 
For convenience in interpolating these data, a cell having 
a voltage drop of less than 200 is designated low, 
from 200 to 400 normal, from 400 to 600 high, 
and above 600 very high. The results can then 
be plotted against the respective cells by using a 
different color for each of the above four groups. 
The units on 2300 volts have shown with one or two 
exceptions only normal cells on voltage distribution, 
and the few low or high cells which have appeared from 
time to time, have returned again to normal. The 
leakage current of this group of arresters varies be¬ 
tween 1 and 10 milliamperes, and the cells run at a 
temperature of about 40 deg. cent. A few units have 
failed or lost their protection after four years of con¬ 
tinuous service. 

12,700-Volt Circuit — Forty-seven O F Cells in Series. 

These arresters have been running almost two years 
with no appreciable deterioration. To obtain the rela¬ 
tive effect of dynamic and surge, similar arresters were 
run with different service characteristics, as follows: (a) 
dynamic only, (b) dynamic and surge, (c) surge only 
and (d) idle. The leakage current is from 5 to 10 milli¬ 
amperes and about the same through all the arresters. 
The temperature is about 35 deg. cent, at the top -of 
the stack, 45 deg. cent, in the middle and 30 deg. cent, 
at the bottom of the stack. Results to date show that 
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(a) and (b) types of arresters give about the same 
characteristics; that is, the daily surge has no ill effect 
on the arresters. Both (a) and (b) show a gradual 
tendency for low-voltage cells to appear at the bottom 
of the stack and higher voltage cells at the top. Here 
again no change has been found to be absolute; that is, 
unless a cell is extremely high, it may go from low to 
high and back again. The low cells at the bottom of a 
stack may be due to either capacity or temperature, 
but probably the latter, as all the cells are about normal 
when first put on the circuit. The (c) and (d) types of 
cells show a general scattering of high and low cells 
throughout the stack. 

This sort of intensive test has been found extremely 
valuable in trying to determine ahead of time what 
might occur in service and also for determining the 
effect of changes. So far as applying to standard ar¬ 
resters in service, it seems fair to assume that if an ar¬ 
rester will stand, say four years, under such an intensive 
test, it will stand up several times four years in actual 
service. Of course, it is always possible that a more 
or less direct lightning stroke or a long arcing ground 
will destroy an arrester, so this conclusion should apply 
to normal average service. As yet the factor to use be¬ 
tween test and actual service is not known, but should 
be when longer service results are available. 

II - PERFORMANCE OF OF ARRESTERS 

The efficiency of a lightning arrester is governed by 
four factors; namely, sensitiveness, current discharge 
capacity, reseal and life. 

Sensitiveness. As most electrical apparatus is tested 
at twice normal voltage, an arrester should be able to 
begin discharging at about this voltage. This means 
a horn or sphere gap should not be set for over double 
voltage for best results. 

To care for steep wave impulses the time lag of the 
arrester should be a minimum. 

Current Discharge Capacity. To discharge the energy 
from a surge, the discharge path must be of a suffi¬ 
ciently low resistance to prevent the voltage drop being 
above the insulation strength of the apparatus con- 
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nected to the line. Again since a double voltage test 
is given apparatus, the discharge capacity of an arres¬ 
ter is usually given at double rated voltage. 

Reseal. Reseal is the act of cutting off the discharge 
path through the arrester when the voltage across the 
arrester has returned to normal. The quicker this can 
be accomplished the better it will be, for if an arrester 
has sufficient discharge capacity, dynamic or line fre¬ 
quency current following, not only will be apt to des¬ 
troy the arrester but may also cause bad disturbances 
on the line. 

Reseal should also permit an arrester to be ready im¬ 
mediately for another discharge, for with a lightning 


L 8 21.8 Millihenrvs 



Fig. 9—Circuit Connection Used for Surge Tests 


storm over a large area of transmission lines, it is fair 
to assume that impulses and surges can occur extremely 
close together; that is, at least a second apart, and 
sometimes several per second. 

Life. It is difficult to define exactly whatthe life of a 
satisfactory arrester should be, but a good arrester 
should easily withstand the average surge or impulse. 
Arcing grounds are the most dangerous type of dis¬ 
charges and as they vary greatly in severity, depending 
upon the system and just where they occur, it is diffi¬ 
cult to state how long an arrester should care for one. 

Tests. The following results are given to show how 
the 0 F arrester acts in regard to the above points. A 
single cell was used in all the following tests in order to 
obtain as powerful discharges through the cell as pos¬ 
sible with the power available. 
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The first set of tests was made with a circuit as shown 
in Fig. 9. The usual surge circuit is used, which 
superimposes the 25,000-volt, 2300-cycle surge on the 



Fig. 10— 0 F Cell on Ciecuit in Fig. 9 

Vibrator 1—Current through arrester, 1 mm. = 12. amperes (peat value) 
Vibrator 2—Voltage across arrester, 1 mm. =210 volts (peat value) 


dynamic 300-volt, 47-cycle circuit. Fig. 10 shows 
an oscillogram of the discharge of an 0 F cell on this 
circuit. Vibrator 2 shows the dynamic 47-cycle volt¬ 
age across the arrester with the 25,060-volt, 2300-cycle 
surge superimposed. The voltage peaks are kept at 
about double voltage and the cell reseals without per- 



Fig. 11 —0 F Cell on a 600-Volt, 40-Cycle Ciecuit 
Vibrator 1—Current through arrester, 1 mm. = 250 amperes. 
Vibrator 2—Voltage across arrester, 1 mm. = 55 volts. 


mitting any dynamic current to follow; that is, this 
test shows that reseal and sensitiveness are satisfactory. 
Although the discharge through the cell is about 50 am¬ 
peres, since the surge is supplied by a 15-kv-a. trans- 
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former, this test is not enough in itself to demonstrate 
that the discharge capacity is satisfactory. 

Fig. 11 shows an oscillogram taken with 600 volts, 
40 cycles (double standard voltage) impressed across 



Fig. 12—Circuit Connection Used for Double-Voltage 
Surge Tests 

an 0 F cell, to show current discharge capacity. The 
current peaks are 3500, 4200 and 3300 amperes respec¬ 
tively, and the voltage peaks 110, 89 and 154 volts re¬ 
spectively, giving an internal resistance of 0.031, 0.021 
and 0.047 ohm respectively. Due to the low resis¬ 
tance of the O F cell and its relative value to the im- 



Fig. 13— 0 F Cell on Circuit in Fig. 12 
Vibrator 1—Current through arrester at 600 volts, 1 mm. = 250 amperes 
Vibrator 2—Voltage across arrester, 1 mm. = 55 volts. 

Vibrator 3—Current through arrester at 300 volts, 1 mm. <=» 12 amperes* 

pedance of the circuit, the impressed voltage of 600 was 
not sustained across the cell when the high current 
flowed. This current discharge capacity is extremely 
high and should be ample under all conditions. The 
internal resistance of a cell will vary between 0.01 and 
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0.1 ohm, depending upon the particular path through 
the cell the discharge happens to pick out. 

Fig. 12 gives the connection used for a double volt¬ 
age surge test with normal voltage immediately follow¬ 
ing. This is accomplished as shown by bringing out 
a tap from the transformer at 300 volts (standard volt¬ 
age) and connecting it through a low resistance to the 
arrester cell. The resistance is necessary to prevent 
the lower section of the transformer from becoming 
short-circuited. With this connection, 600 volts are 
supplied to the arrester until the fuse opens, and the 
lower half of the transformer then being cut off, 300 



Fig. 14 —X Arrester on Circuit in Fig. 9 
Vibrator 1—Current through arrester, 1 mm. = 12 amperes (peak value) 
Vibrator 2—Voltage across arrester, 1 mm. =210 volts (peak value). 


volts are continued across the arrester cell. This is 
about the most severe test that can be given a lightning 
arrester and only an arrester which has a low breakdown, 
good current discharge capacity and good sealing charac¬ 
teristics, will act satisfactorily. Referring to the oscil¬ 
logram taken on this circuit shown in Fig. 13, the switch 
impressing 600 volts across the cell closed at the ex¬ 
treme right. The cell immediately broke down and 
discharged 2700 amperes. This current after one-half 
cycle blew the 10-ampere fuse, thereby cutting off one- 
half of the transformer, and causing the voltage across 
the cell to drop to 300 or normal. There was then a 
sealing current of about 2 amperes for several cycles 
shown by vibrator 3, which caused the small 
breaks in the voltage wave. After a few seconds the 
current through the cell had dropped to normal or a 
few milliamperes. 
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To show the relation of protection and current dis¬ 
charge capacity, oscillograms were taken of single 0 F 
cells with external resistance in series on the circuit shown 
in Fig. 9. X represents an arrester with a medium in¬ 
ternal resistance and having a discharge capacity at 
double voltage of 60 amperes. Y represents an arrester 
with a higher internal resistance and having a dis¬ 
charge capacity of 20 amperes at double voltage. 

Fig. 14 shows an oscillogram taken with arrester X and 
Fig. 15 an oscillogram taken with arrester Y on this 
circuit. It will be noted that the voltage peaks with 
X are 1600 and with Y 3650, as against 900 with the 
standard cell, which was shown in Fig. 10. Moreover 



Fig. 15 — Y Arrester on Circuit in Fig. 9 

Vibrator 1—Current through arrester, 1 mm. =12 amperes (jpeak value) 
Vibrator 2—Voltage across arrester, 1 mm. =210 volts (peak value). 


if the frequency were nearer what is obtained in actual 
service, that is, from 10,000 to 100,000 cycles instead 
of 2300 cycles which had to be used for oscillographic 
work, this difference would have been much greater due 
to the higher impedance of the transformer at the higher 
frequencies. To give, therefore, satisfactory pro¬ 
tection, an arrester must have a good current discharge 
capacity on double voltage and more than these X 
and Y arresters show. X and Y also show the bad 
effect of a poor ground connection. 

The life of an OF arrester was discussed in Part I, 
Life Run Tests on OF Arresters, and is believed to be 
satisfactory. 

Sensitiveness in service is limited by the gap setting, 
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but since no dynamic current follows a surge discharge 
and the leakage current is only a few milliamperes, this 
gap setting can be small. The gap settings used in ser¬ 
vice correspond to line voltage, so the breakdown be¬ 
tween phases is double voltage and the breakdown to 
ground is 1.7 times the voltage to ground. Since the 
covered gap is used for outdoor installations a dry or 
indoor setting can be used. 

The author wishes to express his appreciation to 
Mr. E. E. Burger for his valuable assistance in obtain¬ 
ing the data used in this paper. 
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ELECTROSTATIC CONDENSERS 


BY V. E. GOODWIN 

General Electric Co., Pittsfield, Mass. 

I N studying the progress of the electrical art one 
is continually confronted with the fundamental 
factors in Ohm's law—namely, volts, amperes, re¬ 
sistance, inductance and capacity. Of all these factors, 
the least practical use is made of the latter, and one is 
naturally interested to learn the reason for this apparent 
neglect when there are so many applications for this 
factor. 

A review of the proceedings of the A. I. E. E. shows 
many references to the subject of electrostatic ca¬ 
pacity or capacitance, but one finds only two papers 
on the subject of condensers, and one of these 
appeared over twenty years ago. 

The purpose of this paper is to stimulate a more 
active interest in the development and application of 
electrostatic condensers. It is well-known that the 
electric condenser is one of the oldest electrical devices, 
and the thought naturally comes to mind as to why 
there has been so little progress made in its develop¬ 
ment during the past decade or two, during which there 
have been such rapid strides in other lines of the in¬ 
dustry. 

The author believes that a review of the subject at 
this time will tend to stimulate interest and promote a 
more rapid development in this branch of the art. 

The first part of this paper will be confined to funda¬ 
mental characteristics of condensers and their relations 
to electric circuits containing inductance and resistance, 
and includes a discussion of the effects of switching 
condensers on and off such circuits. The second part 
of the paper describes some of the more important 
applications of condensers and illustrates the great de¬ 
mand there is in the electrical industry for this class 
of apparatus. 
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SECTION I 

An electrostatic condenser acts as a non-eonductor 
or a very high resistance to a constant direct voltage and 
as a conductor while the voltage is varying. When 
voltage is applied and current flows, the condenser be¬ 
comes a source of counter e. m. f. opposing the applied 
voltage, making the sum of the voltages in the circuit 
equal to zero. A condenser takes sufficient current 
so that its counter e. m. f. plus the counter e. m. f. of 
the series inductance and resistance is equal to the total 
applied voltage. Similarly, when a charged condenser 
discharges through a resistance and inductance, the ap¬ 
plied voltage of the condenser is equal to the counter 
e. m. f. of the inductance and resistance. The charac¬ 
teristics of a condenser circuit are thus more or less de¬ 
pendent upon the characteristics of the series resistance 
and inductance. The above statements apply in gen¬ 
eral to all electrical insulation. Insulation is used 
to separate one conductor from another and therefore 
always forms part of a condenser. 

Electrical energy can be stored in two forms, elec¬ 
trostatic and electromagnetic. In condensers energy 
is stored in the electrostatic form. In inductances 
energy is stored in the electromagnetic form. Electric 
energy in process of transfer from one point to another 
in an electric circuit always exists in both electrostatic 
and electromagnetic forms. 

Both potential and current are necessary for the 
transmission of electrical energy. Thus, in the con¬ 
denser, current must flow in order that electrostatic 
energy may be stored. Potential must exist across 
an inductance while the current and stored electro¬ 
magnetic energy are increasing or decreasing. The 
rate (in watts or joules per sec.) at which energy is 
passing into or out of a condenser or inductance is 
equal to the product of volts times amperes. 

A condenser stores energy while its voltage is 
increasing and gives out energy while its voltage is 
decreasing. An inductance stores energy while the 
current is increasing and gives out energy while the 
current is decreasing. 
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The fundamental equations for a condenser (using 
instantaneous values) are: 

Quantity in coulombs q — C e (farads X volts) 


Current in amperes 


i = C' 


Power in watts p = e i 

Energy in joules or watt q g2 
seconds w = —-— 

The fundamental equations for an inductance are: 

Inductance in henrys = L 

d ^ 

Potential in volts e = L -j— 

a t 

Power in watts p = e i 

Energy in joules or watt £ p 
seconds w = —^— 

Oscillation Circuit. When a charged condenser 
discharges through an inductance the current at any 
instant is such that the inductance voltage is equal 
and opposite to the condenser voltage. The current 
starts at zero and can be zero only when the condenser 
is fully charged. The current is proportional to the 
rate of change of condenser voltage. The condenser 
voltage is equal and opposite to the inductance voltage. 
The inductance voltage is proportional to the rate of 
change of current. These conditions can only be met 
by a current varying according to a sine (or cosine) 
wave, the current lagging a quarter cycle behind the 
condenser voltage and leading a quarter ahead of the 
inductance voltage. The frequency of the sine wave 
oscillation is determined by the relations. 




where i = I sin 2 t f t 
1 

■ ^ ~ 2 7T a/ L C 

The energy then oscillates between the condenser 
and inductance, being all in the condenser when the 
current is zero and the voltage maximum, ai\d all 
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in the inductance when the current is maximum and 
the voltage zero. With the condenser initially charged 
to a given maximum voltage E, the maximum value 
of current during discharge is then determined by 
the relation: 

1/2 C E 2 = 1/2 L P 

• 7 = —g- 
• ‘ VL/C 

Such a circuit is called an oscillation circuit. Since 
there is no loss of energy (except that due to resistance, 
radiation etc.), it is possible to build up a large os¬ 
cillation by the addition of a large number of small 
amounts of energy. For example, a voltage may be 
induced in the inductance while it is giving energy to 
the condenser. The building up of an oscillation by 
a number of large or small increments of energy re¬ 
ceived at the proper instants is called resonance. 

If the oscillation circuit contains a small resistance 
the oscillation is damped or decreasing in amplitude. 
The condenser voltage is equal to the inductance 
voltage plus the resistance voltage. The conditions 
are then satisfied by a current wave which is the pro¬ 
duct of a sine curve by a hyperbolic curve. 

mv , • j RC. . 1 A /T W , 

That is % = I e - t sm — V -r~n — — t 

Z L Ztt L G 4L 2 

This equation does not hold and becomes imaginary 
if R is equal to or greater than 


/ 4 l 

If R is equal to or greater than V — -q- the total 

energy is dissipated in the resistance during one rise 
and fall of current and there is no oscillation. 

If the circuit contains resistance and negligible 
inductance the current starts at a maximum and 
decreases to zero along a hyperbolic curve, i — I e~ CRt 

Condenser Connected to D-C. Circuit. When a con¬ 
denser is switched onto a direct-current circuit con¬ 
taining a resistance R and a negligible amount of 
inductance, the current transient starts at a maximum 
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and decreases to zero along a hyperbolic curve. If 
there is inductance in the circuit the current starts 
at zero and there must be at least one rise and fall 
of current. If the resistance is less than the critical 

value A/ -Ur" > there will be a damped oscillation of 
C 

current. If it were possible to have zero resistance, 
the oscillation would be continuous or undamped. 

Condenser Connected to an A-C. Circuit . There are 
always more or less of current and voltage transients 
when the condenser is switched on. Any rise of 
condenser voltage above normal is due to series in¬ 
ductance. If the inductance is relatively small, the 
rise of voltage will be small as there will not be enough 



Fig. 1 Fig. 2 


energy stored in the inductance to charge the condenser 
much above normal. If the inductance is relatively 
small, the current transient will be much larger (in 
per cent of normal) than the voltage transient. The 
energy of the transients is dissipated in the series 
resistance so that the current and voltage soon come 
to their normal values. 

The normal value of current is determined by the 
relation that the current is equal to the capacitance 
times the rate of change of voltage. The condenser 
current is proportional to and in phase with the rate 
of change of voltage. In the case of sine waves, the 
rate of change of voltage has the same wave shape as 
the voltage wave and a proportional maximum value, 
but passes through its maximum value a quarter cycle 
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before the voltage wave. The rate of change of 
voltage at any instant is equal to 2 x/ times the 
voltage value which will exist a quarter cycle later. 
It is, therefore, permissible to say that the condenser 
current is proportional to the voltage but leads the 
voltage by a quarter cycle. This statement is true 
only for sine waves, but is generally used because 
commercial waves are approximately sine waves. It 
should be kept in mind that the fundamental fact is 
that condenser current at any instant is proportional 
to the rate of change of voltage at that instant. 

When a condenser is in series with an inductance 
and the same sine-wave current passes through each, 
the inductance voltage is opposite in phase to the 
condenser voltage and their difference is equal to the 
total applied voltage. 

These relations are shown in the diagrams Figs. 1 
and 2. 

It is thus possible to raise the voltage and current of 
a condenser by a series inductance or to raise the volt¬ 
age and current of an inductance by a series condenser. 
The current is leading if the condensive reactance is 
greater and lagging if the inductive reactance is greater. 
This depends upon the frequ eney as well as the capac¬ 
itance and inductance. If the inductive reactance is equal 
to the condensive reactance the current is limited 
only by resistance and other losses. This is the con¬ 
dition of resonance. With a given capacitance and 
inductance, resonance can be obtained by varying the 
frequency. At a given frequency, resonance can be 
obtained by varying the capacitance or inductance. 

1 

The condition for resonance is that / =-— 

2 ttVLC 

When a condenser is connected in parallel with an 
inductance, the current and voltage relations are as 
shown in diagrams Figs. 3 and 4. 

As in the series connection, the line current may be 
made lagging or leading by varying the inductance, 
capacitance, or frequency. When the inductive re¬ 
actance is equal to the condensive reactance, the 
current is purely a circulating current in the parallel 
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connection and no current 
is thus possible to reduce 
ductance by connecting a 
vice versa. 

lie 

,i 

- -+t 

1l 

Leading Current 
Fig. 3 


is taken from the line. It 
the line current to an in¬ 
condenser in multiple and 


J-c 

I__ E 


II 

($> 

Currant 
Fig. 4 


In the case of complex circuits containing capacitance, 
inductance, and resistance there are an unlimited num¬ 
ber of possible combinations and each must be con¬ 
sidered individually as met with. One such circuit 
which is of considerable theoretical interest is that 
of a condenser and inductance of equal reactance in 
series and a resistance in multiple with either in¬ 
ductance or condenser as shown in Fig. 5. 

The vector diagram is given in Fig. 6. 

From this diagram it is evident that the voltage 
applied to the condenser can be divided into two 
vectors, one of which is equal to and opposite the 
voltage applied to the inductance and resistance, and 
the other is in phase with I L and equal to X c Ir . This 
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Fig. 5 


latter component is the total applied voltage E for 
any value of R. Similar relations hold when the 
resistance is connected in multiple with the condenser. 
. •. I R = E/X ~ constant for any value of R. This 
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circuit, therefore, gives a means of obtaining con¬ 
stant current from constant sine-wave voltage. There 
are a n um ber of other more complicated circuits 
giving the same results. These circuits have been 
known for many years. but up to the present time 
have been considered only of theoretical interest. 
(For a complete treatment of these circuits, see Stein- 
metz’ Theory and Calculation of Electrical Circuits.) 

Distributed Capacitance. The foregoing discussion 
has referred only to a concentrated capacitance; that 
is, to a capacitance having a negligible inductance 
within itself. The usual forms of commercial con¬ 
densers can for all practical purposes be regarded as 
concentrated. At low frequencies the capacitance 
of cables and transmission lines may be considered as 



tut 


Fig. 6 


made up of one or several concentrated capacitances. 
At high frequencies, transmission lines and cables 
must be treated as distributed capacitances and dis¬ 
tributed inductances. High frequencies or high rates 
of change of voltage occur in the case of sudden changes 
of circuit conditions which set up traveling waves in 
transmission lines. It is principally in the phenomena 
and theory of traveling waves that the action of 
transmission lines as distributed capacitance and 
inductance becomes of importance. 

Traveling waves are usually considered as having 
vertical wave fronts. This assumption is justified 
by the fact that it greatly simplifies calculations and 
because a vertical wave front is the limiting condition, 
and the effects calculated on that basis will mark the 
maximum limit of any effects which could occur in 
practise. 

One of the fundamental characteristics of a travel- 
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ing wave is that the total energy is equally divided 
between electrostatic and electromagnetic energy. 
This fact is expressed by the equation 

1/2 CE 2 = 1/2 L V- 

This equation follows directly from the fundamental 
equations: 

Q = CE = It 


CE 2 E It 

2 2 



total energy. 


2 2 

It also follows directly from the above equations that 
E = iv~l]c = iz 
where Z = the “surge impedance.” 

Another fundamental characteristic of an electric 
wave is that the voltage is doubled when striking a 
point of total reflection. At reflection the length of 
the wave is reduced by one half and the energy is all 
electrostatic. The electrostatic energy per unit of 
length is thus four times as great and the voltage 
twice as great as in the traveling wave. 

When a traveling wave strikes a point of short 
circuit, the current doubles and the voltage reduces 
to zero during reflection. 

SECTION II 

The characteristics of condensers as outlined in 
Section I give them a wide field of application in 
electric circuits. In the following, an attempt will 
be made to discuss the more common and practical 
of these applications. 

1. Telephone Service. In telephone circuits, it is 
often necessary to confine the flow of direct current 
to certain sections of a network of conductors and at 
the same time to allow alternating and pulsating 
currents to flow as desired. This separation is ac¬ 
complished by means of condensers connected in 
series with the line at the limits of the d-c. zones. 
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Thus it is possible to use alternating currents to call 
inactive stations and to separate the minute pulsating 
t alking currents from the relatively heavy direct 
currents. The condenser in this service not only 
economizes in the amount of energy required, but also 
mak es long distance telephony possible. 

It is also interesting to mention the fact that speci¬ 
ally constructed condensers can be used as telephone 
receivers. A condenser of this construction is known 
as the “singing” condenser as it will produce audible 
notes corresponding to the rates of change of the 
applied voltage impulses. 



Fig.. 7 


2. Condensers in Oscillating Circuits. The conden¬ 
ser finds a wide application in oscillating circuits where 
it is desired to produce high-frequency voltages or to 
study the effects of impulses having steep wave fronts. 

Oscillating circuits are of two general types, known 
as the oscillation generator and the oscillation trans¬ 
former. Fig. 7 shows the diagrammatic arrangement 
of the oscillation generator. 

The purpose of this machine is to produce an impulse 
or train of oscillations of definite wave form whenever 
the alternator voltage is raised sufficiently to spark over 
the gap G. These machines have been of great value 
in studying the action of exceedingly high rates of 
change in potential and in the study and determ¬ 
ination of the dielectric spark lag of insulating ma¬ 
terials. 

Fig. 8 shows circuit connections of the oscillation 
transformer. 

The application of this form of apparatus is in the 
production of recurrent oscillation at high frequency 
and voltage. By varying the adjustable inductance L 
and capacitance C, it is possible to obtain any desired 
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frequency. By varying the ratio of the turns in the 
air transformer T, it is possible to obtain a wide varia¬ 
tion in voltage of the high-frequency oscillation. This 
circuit is used extensively in wireless work, as will be 
described later, and in many forms of testing and lab¬ 
oratory work. 

3. Protection from Lightning and High-Frequency Dis¬ 
turbances. The fact that a condenser stores energy as 
the voltage increases, and gives out energy as the volt¬ 
age decreases, can be made use of in protecting electric 
circuits from abnormal disturbances having steep wa.ve 
fronts. When a steep wave impulse reaches a point 
in the circuit where a suitable condenser is connected 
across the circuit, it delivers energy to the condenser 
depending upon the steepness of wave form or rate 
of change of potential. The amount of energy de¬ 
livered depends upon the voltage of the impulse and 



Fig. 8 


the capacitance of the condenser. This tends to make 
the wave front more sloping and less dangerous and 
also tends to lower its maximum potential in cases 
where the crest of the wave is short. When the impulse 
passes, its potential starts to decrease in what is known 
as the rear, or tail of the wave. The condenser then 
gives its energy back into the impulse, modifying the 
shape of the rear of the wave by making it likewise 
more sloping. 

Another and more common, application of condensers 
for protection purposes is in the absorption and conse¬ 
quent elimination of high frequency. This applica¬ 
tion is based upon the fact that the current flow in a 
condenser is proportional to the rate of change of po¬ 
tential and in the case of a recurrent oscillation to the 
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frequency. The absorption is accomplished by insert¬ 
ing a resistance in series with the condenser. The value 
of resistance for maximum absorption with a given 

condenser is obtained when R = 2 VJC ' va * ue 

of capacitance to be used should depend upon the na¬ 
ture and character of the oscillations which are to be 
handled by the machine. In actual practise these 
oscillations vary through a wide range in frequency 
and voltage. The actual designs of these machines 
employ a capacitance, for a given operating voltage, 
such as to allow a normal current from 0.05 to 0.10 
ampere to flow at 60 cycles. Under normal condi¬ 
tions little energy is absorbed from the system. If, 
however, an abnormal recurrent disturbance is started 
by an arcing ground or other cause, the condenser, 
with its series resistance, acts like a valve operated 
by the frequency and allows more and more current 
to flow through the resistance as the frequency in¬ 
creases. 

The impedance of a condenser with a series resistance 
is __ 

z -V'«’ + (2~fv)’ 

Ass umin g R = 100 ohms, C = 0.01 microfarad 
/ = 60 cycles and E = 13,200 volts. 

Then Z = 265,000 ohms. 

At 13,200 volts the current at 60 cycles would be 
0.05 ampere and the energy absorbed per second by 
the series resistance would be 0.05 2 X 100 = 0.25 
watt-seconds. 

If the frequency is 100,000 cycles, 

Then Z = 188 ohms. 

At 13,200 volts the current at 100,000 cycles would 
be 70.3 amperes and the energy absorbed per second 
70.3 2 X 100 = 494kilowatt-seconds. 

From the above, it will be seen that at low frequen¬ 
cies the major part of the impedance is in the condenser 
while at 100,000 cycles the principal impedance is in 
the resistance R. The above calculations are based up- 
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on the resistance and capacitance remaining constant 
at all frequencies. This is not exactly true in practise 
as the capacitance of condensers and the conductance 
of resistance decreases as the frequency increases. 
This is due to the absorption factor of dielectrics and the 
skin effect and temperature coefficient of resistances. 
These are variable factors depending upon the shape 
and character of the materials used. With proper 
designs these factors should not have much effect at 
frequencies below 100,000 cycles. 

Since many abnormal disturbances in electric cir¬ 
cuits are of an oscillatory nature and have relatively 
little energy back of them, it would seem that an ab¬ 
sorber of this character would prove an excellent pro¬ 
tector, as its ability to absorb and consequently des¬ 
troy oscillations increases so rapidly with the frequency 
and destructiveness of oscillations. 

T*il Trcr * 

_i-i 

rjr 

Fig. 9 

Another use of condensers as a protective device is 
in connection with what has been termed a resonant 
shunt. With this apparatus the condenser is con¬ 
nected in series with an inductance which is tuned to 
resonance for a given frequency. Oftentimes in elec¬ 
tric circuits, it is found that there is present a certain 
har monic or superimposed oscillation of a definite 
frequency which is detrimental to the operation of 
other apparatus at some point in the circuit. By con¬ 
necting a resonant shunt across the circuit and having 
it tuned to the particular frequency of the undesirable 
harmonic, it will provide a short-circuit path which will 
entirely eliminate this undesirable part of the wave form 
and leave the fundamental wave unchanged. This 
combination should have a wide field of application 
particularly in eliminating such harmonics as are liable 
to produce telephone interferences. 


Tsoi froof 
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A further application of condensers as a protective 
device would be to shunt series coils on regulators, cur¬ 
rent transformers, etc. These series coils being con¬ 
nected in the line will subject them to high rises, of 
potential between turns whenever a traveling oscillation 
passes through them. By providing a shunt path 
consisting of condensers of such capacity as to allow 
little current to pass at normal frequency, it would be 
possible to shunt the major part of the high frequency 
disturbance through the condenser and thus prevent a 
rise of potential between turns and . between the. ter¬ 
minals of the series coil and thus relieve the strain on 

the insulation. . . 

4. Power Factor Correction and Improvement m Line 
Regulation. Static condensers have a power factor of 
approximately 0.00S leading and an energy of loss of 
less than 0.5 per cent. For practical purposes, we can 
consider the power factor as zero leading as it is ex¬ 
tremely difficult to measure even with the most sensi¬ 
tive galvanometers. In alternating-current power ser¬ 
vice, it is therefore possible to apply static condensers 
to correct low power factors resulting from lagging 
currents. 

Power factor corrections can be accomplished by 
either of two methods: First by retarding the voltage 
vector so that it becomes more nearly in phase with the 
current; and second, by advancing the current vectorso 
that it becomes more nearly in phase with the voltage. 
The former scheme can be accomplished by the use of a 
suitable condenser in series with the load, and the latter 
by means of a condenser in shunt with the load. 

The problem of power factor correction has been 
quite fully discussed before the Institute in connection 
with synchronous condensers so it will be unnecessary 
at this time to point out the advantages accruing there¬ 
from. The electrostatic condenser has, however, cer¬ 
tain advantages over the synchronous type for certain 
classes of work and should find a wider application 
when their adaptability for this service is more fully 
understood. The following are some of the advantages 
of the electrostatic condenser for power-work: 


1920] 


V. E. GOODWIN 


2009 


1. Being a stationary apparatus, no attention is re¬ 
quired. 

2. The high efficiency of the outfit means that the 
annual power loss is very small. 

3. With reliable condensers the maintenance costs 
are practically nil. 

4. The corrective kv-a. can easily be increased or 
decreased by simply cutting in or out of sections. 



Fig. 10 

5. The outfit can be connected to any part of the sys¬ 
tem and thus provide correction at the points where the 
greatest saving can result. 

6. Noiseless and requires no special foundation. 

7. Lower first cost for small installations. 

8. It can also be used to improve the line regulation. 
Fig 10 shows the diagrammatic connections of a static 

condenser used for power factor correction on a 2300- 
volt, three-phase circuit. 

The condensers are connected in delta and each phase 
is divided into a number of sections each having a 
suitable enclosed fuse in series. A low reactance is 
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connected in each phase between the circuit breaker 
and the condensers to act as a harmonic screen. This 
reactance can also be used to boost the voltage on the 
condensers so as to obtain greater corrective kv-a. with 
a given condenser. High resistances are connected m 
parallel with each phase of the condensers to discharge 
the condensers when they are disconnected from the 
line. 



Curve Sheet I— Determination of Condenser Capacity 
Required for Correcting the Power Factor of an A-O. 
Circuit 

Follow horizontal line corresponding to present power factor of load 
„_xii ^ intersects curve representing power factor desired. The vertical 
“ofecuon" Sectfon on the base gives the size of condenser re- 

qU Example; 6r Load SSO^Present power factor 60 per cent. Power 

‘tSS of 60 per cent power factor line with 90 per 
cent power factor curve gives desired condenser as 84.9 per cent of 250 
Tf-xc- nr 210 kv-a. 


In studying the application of condensers for power 
factor work the author has found it more convenient to 
rate these units in terms of kv-a. at their rated voltage 
rather than in terms of capacitance. # . 

If a sine wave of voltage E at a frequency / is im¬ 
pressed on a condenser section of capacity C farads, the 

current I = 2 7r / G E 

The leading kv-a. is El X 10" 3 . 

Hence, kv-a. = 2 irf C E 2 X 10“ 3 . 

If C is expressed in terms of microfarads, 
kv-a. = 2 t f C E 2 X 10 -9 . 
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In the determination of the size of static condenser 
equipment required to correct the power factor of a 
given load, curve sheets I, II and III will prove of 
value.' Curve sheet I gives the kv-a. correction re- 
• quired in percentage of the kw. load for any desired 
improvement in power factor from 40 per cent to 100 
per cent. 

In studying a problem of this character, the question 
naturally comes up as to how much additional load can 
be added at the original power factor after a certain 
correction has been added. These data are shown by 
curve sheet II. 



Curve Sheet II —Determination of Additional Capacity 
Made Available by the Installation of Static Condensers 

Follow horizontal line corresponding to present power factor of load 
until it intersects curve representing power factor desired. The vertical 
projection of this intersection on the base gives the per cent of the original 
kw. load at the original power factor made available by the condenser. 

Example: Load 250 kw Present power factor 60 per cent. Power 
factor desired 90 per cent. 

Projection of intersection of 60 per cent factor line with 90 per cent 
power factor curve gives kw. load at 60 per cent power factor made available 
as 35.8 per cent of 250 kw. or 89.5 kw. 


Curve II indicates the amount of load at the original 
power factor that can be taken on a feeder, after cor¬ 
rection has been added, without exceeding the initial 
heating in the lines and apparatus. 

After the additional load indicated by Curve II has 
been taken on, it is desired to know the resulting power 
factor. These values are shown on curve sheet III. 
By the use of these three curve sheets, practically any 
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information relative to loads and power factors can be 
quickly determined. 

The static condenser is not necessarily a competitor 
of the synchronous condenser, since its principal appli¬ 
cation is in a field which has never been open to the, 
latter machine. 

During the past few years, there has been a gradual 



n-rmvB Sheet III —Determination of Resultant Power 
Factor After Original Load at Corrected Power Factor 
has Been Increased bt Additional Load at Original Power 
Factor so that the Total Kt-a. of the Circuit is Equal 
to the Original Kv-a. 

Follow horizontal line corresponding to original power• facibox_un 
intersects curve corresponding to the corrected power factor. The pro 
lection of this intersection on the base gives the residtant ^Her cent is 
Example: A load of 250 tw. having a power factor of 60 per■cent 
raised to 90 per cent power factor hy the installation of a static condenser 

i load of 89.5 hw. at 60 per cent power factor corresponding to the 
additional capacity made available by the correction m power factor is 
added so that the total Kv-a. is equal to the original tv-a The resui 
power factor is obtained by projecting the intersection of the 60 per cent 
power factor line with the 90 per cent power factor curve upon the base 
ic fmmd to hA Rl .5 r>er cent. 


awakening throughout this country to the inefficiency 
of distribution networks resulting from low power factors. 
Operating companies, with a view to fairness to their 
customers, have added power factor clauses to their 
power contracts penalizing customers for low power 
factors. In other words, they aim to charge each cus- 
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tomer for the delivery of his wattless or reactive load 
in addition to his energy load. This policy has opened 
up a new field for power factor correction which in¬ 
cludes a large number of relatively small loads for which 
the stationary, or static condenser is particularly suited.. 

In the design of condenser sections the question of 
reliablity is of greatest importance. On the other hand, 
it is necessary to employ a dielectric of high permi- 
tivity. This dielectric must be very uniform through¬ 
out its entire volume. These conditions are very dif¬ 
ficult to meet with very thin sheets even with modern 
insulations. It is therefore necessary to build up the 
dielectric qf a condenser from several very thin sheets 
in order to obtain reliability. It has also been noted 
that as the number of sheets increased it becomes more 
difficult to radiate the heat. By studying these oppos¬ 
ing factors for a given dielectric, we can arrive at a 
construction giving the most economic design. This 
gives a condenser which can be operated at any voltage 
up to its maximum reliable rating. 

Since the kv-a. rating of a condenser increases as the 
square of the impressed voltage, operation at voltages 
less than normal results in reduced capacity. Hence, 
when considering a static condenser outfit for opera¬ 
ting at voltages less than normal, it is often more eco¬ 
nomical to use a transformer to step up the voltage 
rather than to employ a greater number of condenser 
sections. 

Another method of raising the voltage on a condenser 
is to install a suitable series reactance, but in doing so, 
care must be taken to avoid resonance. 

5. Electric Welding. It is worthy of note in passing 
that reliable electric welding can be done with a cir¬ 
cuit containing considerable capacitance. Preliminary 
work along this line indicates that equally good work 
can be done with circuits containing either inductance 
or capacitance, provided the power factor is of the cor¬ 
rect low value. This low power factor is objectionable 
from the power supply standpoint. If, however, we 
divide our welding circuits into two groups, one using 
the condensive circuit and the other using the indue- 
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tive circuit, it is possible to obtain unity power factor in 
the supply circuit. 

Another application of the condenser to electric weld¬ 
ing is based upon the fact that it is possible to charge 
a condenser slowly and to discharge it at a high ampere 
rate. This scheme is used quite extensively where 
small wires are to be welded together. By this means 
a definite amount of energy can be put into a welding 
and very uniform results obtained. 

6. Motor Application and Contact Sparking. As 
previously shown, the phase relationship of current 
to applied voltage depends upon the capacitance 
inductance and resistance in the receiving circuit. It 
is, therefore, possible with two or more receiving cir¬ 
cuits to obtain two or more currents of different 
phase relationships from one supply circuit. This 
process is called phase splitting. These out-of-phase 
currents may be used to obtain starting torques or to 
change the running characteristics of single-phase 
motors. This method of starting gives better running 
efficiency than other methods for small single-phase 
motors such as fan motors, and there seem to be con¬ 
siderable possibilities for future developments in such 
uses for condensers. 

A condenser may be used across the interrupter of 
an induction coil to eliminate sparking and consequent 
pitting of contacts and to increase the secondary volt¬ 
ages. The smaller the condenser, the greater the 
secondary voltage, provided there is no sparking at 
contacts. The smallest condenser which will eliminate 
sparking should be used. The formula for secondary 
voltage is Ns a /~~L~ 

Es ~ N, C Ib 

where I b = secondary current at break. In other cases 
condensers may be used merely to eliminate sparking. 

7. Laboratory Testing. In the electrical testing 
laboratory, the uses for condensers may be divided 
into two general classes. The first class involves the 
condenser as a standard of capacity which may be 
either absolute, in which the capacity is capable of 
calculation from measurements of length, or compari- 
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son standard, which for convenience is used in the 
ordinary determination of the value of an unknown ca¬ 
pacity. The usual comparison standard condensers 
employ either air or a very high grade of mica as di¬ 
electric. A well designed air condenser has the ad¬ 
vantages of practically no absorption and the nearest 
approach to zero phase difference that can conveniently 
be obtained. It is, however, very bulky when a 
capacity of considerable magnitude is desired. The 
mica standard on the other hand, has an appreciable 
absorption and phase difference but can be constructed 
for capacities of several microfarads without becoming 
exceedingly bulky. 

The second class of uses involves the condenser as 
an auxiliary piece of apparatus by the aid of which it 
is possible to obtain alternating currents of high fre¬ 
quency, to modify wave forms, and to duplicate and 
study in the laboratory many of the effects produced 
by atmospheric electric disturbances. 
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Discussion on “Electrostatic Condensers” 
(Goodwin), Chicago, III., November 12, 1920. 

E. E. F. Creighton: I would like to discuss one 
phase of Mr. Goodwin’s paper, namely, the use of 
condensers as high-frequency absorbers, just giving 
the earliest illustration of the application of the con¬ 
densers in that form. 

The high-frequency absorber is merely a condenser 
with a low resistance in series. Mr. Swan of the Narra- 
gansett Co. has a submarine cable that crosses an 
estuary. It is in a bad situation in that it is buried 
in the mud at each end, and is very difficult to repair. 
On that circuit at each end was installed every known 
form at that time of lightning arrester and choke 
coils, but in spite of that the cable broke down suc¬ 
cessively seven different times, and in desperation I 
told Mr. Swan we might try the high-frequency ab¬ 
sorber. That was some considerable number of years 
ago. He put the absorber in at each end, and I 
regulated it for a low frequency. I had calculated 
from Dr. Steinmetz’s formula the natural frequency 
of the circuit, and I judged there couldn’t be over 
forty-thousand cycles per second. After that the 
cable broke down again. Then I decided that the 
mathematics might be wrong, and we might try the 
assumption that the frequencies were very high, so 
I readjusted it for a high-frequency discharge. That 
was many years ago, and s’nce then there has not 
been a single break-down of the cable from any light¬ 
ning troubles. They did have a break-down due to 
an anchor being dragged across t. 

C. T. Allcutt: I would like to ask Mr. Goodwin 
what test is applied to the electrostatic condensers 
utilized for power factor correction? What is the na¬ 
ture of the over-voltage tests that are found necessary 
before putting them in service? Is it the same as 
other forms of electrical apparatus, or is it necessary 
to subject them to more severe tests in order to be 
sure they will operate without failure? 

V. E. Goodwin: We give our condensers the stand¬ 
ard A. I. E. E. voltage test between terminals and 
ground. This should not be applied between terminals 
since the kv-a. of the condenser increases as the square 
of the voltage and a double voltage would, therefore, 
produce four times or even more heating than normal. 

Furthermore in the design of condensers, it is most 
economical to operate the dielectric at a high voltage 
stress per mil at the edges of the foil. A double volt¬ 
age test is liable to produce corona at these edges 
and a one-minute test might injure the dielectric. 
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Hence, for the dielectric test we put the condensers 
on a heat run for several hours at normal voltage, 
reading the watt loss and temperature rise. 

The other tests we apply are mainly tests of materials 
which go into the condensers. These, I believe, are 
the most important, as well as difficult, factors of 
making condensers. It also seems absolutely essen¬ 
tial to have thorough laboratory supervision over any 
department that manufactures condensers. 

C. T. Allcutt: A point in connection with the test¬ 
ing of condensers that might be of interest, is the 
analogy between the over-voltage tests of condensers 
and the over-potential tests on transformers. I don’t 
m ean the insulation tests to ground, but the over¬ 
voltage tests applied to the terminals of a transformer 
in order to test the insulation between turns. _ It is 
customary in transformer practise to make this test 
at a relatively high frequency in order not to have a 
very large magnetizing current flowing through the 
transformer. In this way it is possible to get a high 
voltage without a great over-lead on the transformer 
copper. 

A similar situation appears in over-voltage tests on 
a condenser with alternating current. The current 
taken by the condenser .becomes very high and the 
heating from the internal losses becomes quite serious 
so it might be desirable in some cases to make the short 
time over-voltage tests on condensers, as distinguished 
from life tests, at either very low frequency or with 
direct current, and in this way get the high-voltage 
tests that may be necessary without danger of over 
heating the condenser. . ■ 

V. E. Goodwin: We also make dielectric tests 
on certain parts of condensers. After they are made 
we take them apart and take certain sections of them 
and test those for dielectric strength at different points. 
We also give them high-frequency or energy loss test 
at different frequencies and different potentials. 

C. T. Allcutt : About what power factor do they run? 
V. E. Goodwin: The power factor of these con¬ 
densers varies between 0.3 and 0.5 of a per cent for 
different designs. The energy losses in a good con¬ 
denser are so small that they are quite difficult to 
measure. The operating temperature rise is very 
small also. We allow a maximum of 15 deg. cent, 
and prefer to keep this value down to between 5 deg. 
cent, and 10 deg. cent. 

E. E. F. Creighton: Since there is an interest m 
that side of the condenser, the heating of it, a test 
that we made at one time, I think is apropos. We 
used slightly above a normal potential, 2600 volts 
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being its normal potential and we applied a little 
over 3000 volts, but increased the frequency up to 
an extremely high value. I have forgotten exactly 
what it was, but 1 think something like probably half 
n million cycles per second. The current increased so 
greatly that it burned off the leads, but it dtdn t over¬ 
heat the condenser. 

H R Summerhayes : In my t*xpi?nt*nrt? Willi a 
manufacturing company we have received at t imes some 
very unusual letters, and 1 remembei quii e \\<*il one 
letter from a man who had been operating some d-c. 
motors and then obtained induction motors, and he 
found that there was more current in the induction 
motors than in the d-e. motors. He wrote us that 
he had inquired of his electrician and was told there 
was idle current, there. Said he thought no doubt by 
this time we hud devised soiiU’l htlfg i lull would 
that idle current to work, and he wanted us to quote 
him on some devices that would make use of that idle 


Now if occurs to me that in that static condenser 
we have something of that sort. We don't exactly 
set it to work, although we make it earn dividends, 
we do as the bees do with it. if it is idle we kill it, we 
neutralize it, and we actually increase the output of 
a plant bv adding a load to it. That ts, we add a 
kv-a. load' to increase its out pul m horse power, and 
to improve? I ho voliugt* rugululimu ho it run friTjuont Iv 
be shown that, the statie condenser is a good linaneial 
proposition, will frequently.pay for itself in the course 

of a very few years. . , ... 

There is something very fascinating about the idea 
of selling with each motor a little box that will kill 
the idle current. You can put in these condensers, 
about 5 or It) kv-a. in a typewriter box, something 
about, that sizt% so if is vory I'ompiirl. At first thought 
it would mnn <h*simldo to put u box right with mvh 
motor and so havt* tin* idh* current iMHitrultzixl at flu? 
source, whore it would he the host place to neutrulr/e 
it, but, on account of the diversity factor and the fact 
that all the motors are not operating at one lime, it 
generally works out best, to put the condenser in some¬ 
what larger units, at a load center. 

V. E. Goodwin: When 1 reviewed the subject 
originally the thought came to me that there, dtdnt 
seem to h* any definite nr concise name for this class 
of apparatus. Home writers called them "electrostatic 
condensers." <)t hers culled them "electric condensers." 
Still others mentioned them as "static condensers, 
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while others were satisfied with common plain “con¬ 
densers,” and it seems to me that it might be wed 
for the Standards Committee to take up this question 
of obtaining a descriptive and still a concise name by 
which we could differentiate between these condensers 
and steam condensers and a dozen other kinds of con¬ 
densers which we have. 
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GASEOUS CONDUCTION LIGHT FROM LOW- 
VOLTAGE CIRCUITS 

BY D. MCFARLAN MOORE 

Moore Light Dept., General Electric Co. 

T HE production of artificial light is one of the most 
important activities concerning the welfare of 
humanity. It is a very large subject, since both 
its practical and theoretical aspects cover vast fields. 
Yet, there are less than a dozen distinct methods of 
making light artificially, and some of them are not 
developed commercially, although theoretically, they 
possess great possibilities. 

This paper is written to consider some of these 
methods of producing artificial light that have to do 
with electricity and that come under item 5 of the 
following list: 

1. Torch (and candle) 

2. Oil, 

3. Gas, 

4. Solid Electric Conductors, 

5. Gaseous Electric Conductors. 

Electricity can be used to agitate into light either 
solids or liquids or gases. The light of the incandescent 
lamp is due to electrically-heated solids, and when 
electricity is conducted by a gas under suitable con¬ 
ditions, light also results. Many varieties of lamps 
of this nature both in design and construction are 
indicated in Fig. 1, the scope of which can be enlarged 
almost indefinitely; for example, by the use of many 
other gases and vapors. 

High-tension lamps require the special auxiliary 
transforming apparatus to generate the high potential. 

The two major factors of all of these types are (1) 
the electrodes, (2) the gaseous conductor. 

Both electrodes of alternating-current lamps earn be 
similar, but in direct-current lamps the cathode differs 
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from the anode. Electrode materials differ with the 
gas used. It is therefore seen that the construction 
and design of each one of the scores of lamps indicated, 
is a distinct, and difficult problem, the solution of 


No Gas Renewals 


Neon, etc. 


e.etc.Corona arc dis charge 


Source 



Direct' 


Ne. etc.Corona arc dis charge 


Fig. 1 


many of which, has hardly been seriously attempted. 

As might be surmised the specific type of lamp I 
wish to emphasize, is the one that I have been most 
interested in recently, but in order to give it its proper 



setting, it is necessary to hastily review the past. 
The first natural electric light was lightning, or the 
aurora. It was due to gaseous conduction and so also 
was the first artificial electric light, which was produced 



1920] D . Me FARLAN MOORE 2023 

with the revolving glass sphere of Hawksbee in 1750. 

A hundred years later, Geissler first operated his 
small tubes from an induction coil. See Fig. 2. In 
1879 Crookes modified them in many ways including 
obtaining high vacua. About 1891 Nickola Tesla 
delivered his famous lectures on “High Voltage and 
High Frequency.” 

Due to the rapid and very objectionable blackening 
that was deposited over the inside of incandescent 
lamp bulbs in 1893, I first began talking and thinking 
about the possibility of constructing a lamp without a 
heated filament—a filamentless lamp. In connection 
with the American Institute of Electrical Engineers, 
I explained that I meant a bulb form of lamp, the 
light source of which was to be, not an incandescent 
solid conductor but to emanate instead, solely from 
the enclosed gas or vapor electrically agitated by the 
low-tension circuits in common use. 

During the twenty-six years that have intervened, 
this simple thought has never left me, though the 
tortuous road has been very dark at times, but it is 
now brighter than it has been before. 

In order that I may not be misunderstood, I must 
hasten to say, perhaps sorrowfully, that it is still far 
too dim to even think of its competing in brilliancy 
with that splendid array of present day commercial 
illuminants—led by the incomparable tungsten lamp. 
Dreaming about the “Light of the Future” resulted 
in the effect shown in Fig. 3. 

My first attempts in 1893 to obtain any light from 
a lamp without a heated filament on 220 volts, re¬ 
sulted in no light whatever. All known gases were 
unsuccessfully tried. Light from many of the common 
gases proved very interesting; for example, the bluish 
white light from C0 2 , or the pinkish, hot and almost 
non-luminous light of hydrogen or the efficient orange 
yellow light of nitrogen, or the dull whitish light of 
oxygen; also many mixtures were tried together with 
chlorine,- bromine, etc., and various vapors like those 
of sulphur or mercury. The prediction was made 
that progress would only result after the discovery of 
some of the gases indicated by the table of the periodic 
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law of the elements. It was necessary therefore, in 
1894, to resort to the high voltage of an induction coil, 
in order to obtain some light from the first gaseous 
conductor bulb lamp. In 1895, the vacuum vibrator 
displaced the induction coil and on direct-current 
circuits, the bulb lamps were filled with negative glow 
light. See Fig. 4 which shows vibrator and connec¬ 
tions and Figs. 5 and 6 showing negative glow lamps 
and Fig. 7 depicting the use of negative glow for 



Fig. 3 


adver tising purposes and means for increasing its 
intensity. Detailed information of the nature will 
be found in some of my previous papers. 1 

After neon was discovered as hoped for, and I made 

1~A New method for the Control of Electric Energy, Trans. 
A. i . E. E Sept. 20, 1893. 

Recent developments in Vacuum Tube Lighting, Trans. A. I. 
E. E. April 22, 1898. 

Light from Gaseous Conductors within Glass Tubes, Moore 
Light, Trans. A. I. E. E. April 26, 1907. 
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nineteen years later, the first low-voltage gaseous 
conductor lamp, there was a certain satisfaction in 
proving that my original conception of utilizing the 
feeble light of the almost despised negative glow was 
correct. In 1896, seven foot vacuum tubes with 
external electrodes displaced the bulb lamp. See 
Fig. 8 for circuits. Fig. 9 shows the meeting hall of 
the A. I. E. E. thus lighted. 



The vacuum rotator succeeded the vibrator in 1897 
and 98. Fig. 10 shows the Rotator Cabinet and Fig. 
11 the interior of the historical ‘‘Moore Chapel. 
The first 220-volt direct-current tubes, started with 
a higher potential, from both vibrator and rotators 
were made and used. See Fig. 12 for the 5-in. tube 
which was used in taking the first instantaneous 




electric portrait, Chauney M. Depew being the subject. 

The anticipated discovery of neon was announced 
in 1898, but even samples of it were impossible to 
obtain in America. Sir Wm. Ramsey, Lord Raleigh, 
Travers, and their brilliant contemporaries announced 
in rapid succession the five new monatomic elements, 
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argon, helium, neon, xenon, and krypton, all of which 
will probably ultimately take important places in the 
world of commerce and some of which have already 
done so. 

Vacuum-breaks were displaced in 1899, for a com¬ 
bination of resonance coils and a low-frequency genera¬ 
tor, and later high-frequency generators. As shown in 
Fig. 13 the laboratory was thus lighted. 



In 1902, the “long tubes” (about 100 feet) appeared 
and they were improved in 1903 with internal elec¬ 
trodes. The beauty of the first long tube (Fig. 14) 



was admired by thousands. The first rotary' high 
vacuum oil pump was developed for the exhaustion 
of “long tubes” built in situ. Also a 24-in. CO 2 tube 
l am p provided with a carbon filament cathode was 
started with higher potential on 220-volt direct 
current and the resultant light was highly efficient. 

Other though similar tubes and lamps, had metallic 
cathodes buried in lime, etc., and it was noted that 
when operated, on alternating current, rectification 
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took place. The combination of chronium and boron 
nitride with neon and also with some of the gas¬ 
feeding methods looks promising. These interesting 
types of lamps are shown in Fig. 15. 



It was a great advance in 1904, and 1905, to discon¬ 
tinue the use of a special generator with each “long 
tube” installation and obtain brilliant illumination 
from the distributed street circuits, by the use of 



Fig 19 


nitrogen gas. See Fig. 16. Special electrodes were 
also . constructed with auxiliary circuits, similar to 
those later used in rectifiers, pliotrons, and X-ray 
tubes. 
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The life of these long tubes was extended to 10,000 
hours, 1906—1909, by the invention of the electro¬ 
magnetic feed valve, and over four miles of light¬ 
giving tubing was commercially installed. The lobby 
of Madison Square Garden is shown in Fig. 17. Fig. 18, 
shows the details of the magnetic feed valve and Fig. 
19, the straight line tubes in the New York Post 
Office. No light source known today equals in 



Fig. 10 


efficiency a neon tube 1M in- in diameter and 200 ft. 
long. The ‘dong tube” system is theoretically correct 
in so far as it provides means for generating light at 
the exact intensity most suitable for the eye; this in 
contradistinction to the generation of concentrated 
light at an enormous intensity and temperature that 
must, before it can be used by the eye, be either greatly 
reduced in intensity by means of some kind of semi¬ 
transparent or diffusing screen, or widely scattered 
by a reflector. Fundamentally the first cost of a 
“long tube” system is less than that of a complete 













1920] 


D. Me FARLAN MOORE 


2029 



incandescent lamp system and its life is longer with 
a resulting lower maintenance cost. It is simpler. 
During 1910-1911, the long tubes in the form of 
portable artificial daylight windows made their appear¬ 
ance, as shown in Fig. 20. 

Between 1913-1915, several types of small tube 
lamps, dependent upon the new chemical gas feed 


Fig. 11 


Fig. 12 
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principle, were invented and marketed for color 
matching purposes. The spectrum of this type of 
color matching lamp will never be surpassed as a 
standard light by which to judge colors. See Figs. 
21, 22, and 23. Simple neon tubes operable from 
transformers were designed and made in many varie¬ 
ties. Some were equipped with screw lamp bases. 
These outfits consume 13 watts and are light enough 
to be screwed into an ordinary incandescent lamp 
socket. Lamps of this kind have run without change 
over 4000 hours. 



Fig. 16 
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Tin the Fall of 1916, there was exhibited the first 
portable and thoroughly commercial neon tube outfit 
of high intensity and efficiency operated from a step- 
up sixty-cycle transformer. It resembles Fig. 21, 
except that the tube housing is twice as long. The 
tube was in the form of a hair-pin and had. a total 
gas column length of 101 in. at %-in. diameter. 
The specific consumption of this type of lamp was 
0.74 watts per spherical candle power. 



Pig. 17 


Even this high efficiency can be improved consider¬ 
ably by using purer neon (that is, neon gas that 
does not contain 25 per cent helium and other im¬ 
purities) together with a longer gas column of greater 
diameter. Also the electrode losses can be reduced. 
But the photometric measurements on this brilliant 
type of tube lamp showed a total of 180 mean spherical 
candle-power of 2260 lumens with 0.162 ampere 
passing through the gas column. Simple straight 
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tubes about 1 % in. diameter and 8 ft. long could be 
arranged as a continuous line of light and used for 
the lighting of large interiors or for streets. The 
initial installations would have great advertising or 
display worth. The red rays will also be valuable 
for signaling purposes, etc. 

Various alternating-current tube lamps, provided 
with two similar metal electrodes, were also made to 
operate on 220 volts alternating current without a 
step-up transformer, but they needed a momentary 
higher voltage to start the gas column discharge 



Pig. 20 



Fig. 21 

which is most simply obtained by short-circuiting 
a series inductance. The length of the gas column of 
this type of lamp is too long (about 3 in.) to permit 
220 volts to pass any current but it will maintain the 
discharge, which is positive for an indefinite length 
of 'time, after once started. The necessity for starting 
apparatus is an objectionable feature of this particular 
type of lamp. When the gap or gas column between 
the electrodes of a tube lamp on 220 volts alternating 
current is less than about 1 % in. the light is negative 
glow. 

The direct-current lamp of the type requiring high 
potential for starting, involves, even when filled with 
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neon gas, a special cathode of mercury of a K-Na 
amalgam. Still another type of 220-volt direct- 
current neon tube was started by using an auxiliary 
current to raise to a high temperature a portion of 
the cathode. Space will not permit the listing of 
many other varieties of gaseous lamps. 

However it is to the type of lamp that has cold 
electrodes and is designed to start and operate without 
using high potential, that your attention is particularly 



Fig. 23 


Fig. 22 


called. As previously stated it is by no means com¬ 
pletely developed but it seems to fulfill the original 
conception of a gaseous conductor lamp without 
any auxiliaries, for low-potential circuits. 

The current of a 220-volt circuit passes through the 
neon gas and causes it to give light in a manner analo¬ 
gous to the way current passes through a tungsten 
wire and causes it to give light. No potential raising 
‘transformer is required or used. When the particular 
problem was the production of small units of light, 
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its satisfactory solution by the use of the transformer 
was commercially impracticable, but it seemed for 
many years impossible to obtain any light without 
its use. 

Fig. 24, shows a form of this type of lamp, for alter¬ 
nating circuits. Scores of modified designs have been 
made. It is a novel type of lamp ; I hope that many- 
wili see in it, with me, the possibilities of a lamp of this 
kind. In fact diligent inquiry among scientific men 
has failed to find anyone who did not agree that all 
theory seemed to indicate the great probability that 
artificial light of high efficiency will result from the 
further development of lamps of this kind. The 




tiu. ^4 


handwriting on the wall seems to unmistakably indicate 
that to further increase the luminous efficiency of 
light sources in general, we will need to resort to 
gaseous radiation, by which means it may be possible 
to reduce to about one-tenth the energy now required. 

Since the ice now seems to be broken on the problem, 
it is my earnest hope that many of the ablest of inven¬ 
tors will become actively interested, and through the 
combined knowledge, experience and ingeniousness 
of all who have studied and worked on gaseous con¬ 
duction phenomena, the many problems involved will 
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be solved. I believe that a very great deal remains 
to be learned and discovered. 

The lamp shown in Fig. 24 resembles an incandescent 
lamp in outward form and perhaps is far more simple, 
yet it is not an incandescent lamp. Four electrodes 
made of aluminum, each 6 in. long, % in. wide, and 
Vie in. thick, are mounted in a 3-in. straight-sided 
bulb about a common center. A glass bulb, provided 
with radial arms of glass, supports the electrodes, 
which have holes in them, and through which the 
arms extend. The capacity of the solid radiators is 
objectionable and yet the effect of a solid radiator is 
approached by radiators, made of very fine meshed 
netting. An effort was made in designing this lamp, 
to take advantage of every factor that required 
minimum voltage so that it would operate on 220 
volts or less. 

The potential is least (volts per centimeter) for 
the negative glow. All of the light radiated from this 
new type of lamp is produced by the negative discharge; 
—not by the positive column as is the light in all of 
the long vacuum tubes when in operation from either 
a-c. or d-c. circuits. All text books and investigators 
have heretofore considered that the amount of light 
given by the negative glow in any vacuum tube 
discharge was so small as to make it entirely negligible 
as a light source. 

An ordinary long tube discharge consists of (a) 
next to the cathode, the short first dark space (b) the 
short and not bright negative glow (e) the short 
second dark space, (d) the long brilliant positive 
column extending to the anode. But in the lamps 
herewith described, the positive column has been 
practically eliminated and substantially the only 
l umin ous discharge in the lamp is the negative glow 
which appears in the form of a velvety glow or corona 
of yellowish light over the entire surface of the alter¬ 
nating-current electrodes and also a uniform gaseous 
radiation throughout the entire interior of the bulb. 

The lamp shown in Fig. 24, is designed for operation 
on 220-volt a-c. circuits. At this voltage it uses from 
the line about 0.11 ampere and 21 watts, but of this 
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amount 3.6 watts at 33 volts is used by an ohmic 
resistance about 1 in. long placed in the skiit of the 
lamp base, because due to impurities, principally in 
the neon gas and the aluminum radiators, a slight 
blackening may form between them in time, which 
may cause the lamp to short-circuit. 

The finished lamp will probably require no series 
resistance, but at the present time, the use of such a 
resistance affords a convenient method of adjusting 
the total watts consumed, the life or intensity. The 
specific efficiency of this particular type of lamp is 
low. When this lamp is consuming 17.4 watts, it gives 
approximately 1.16 s. c. p., which corresponds to 15 
watts per s. c. p. Therefore, the most important prob¬ 
lem still to be solved is how to decrease the number of 
heat waves and increase the number of luminous 
radiations. When the line voltage was reduced to 
135 on this lamp, the light was suddenly extinguished. 

The neon used had a helium content of about 25 
per cent, but if it had had a nitrogen impurity of a 
fraction of 1 per cent, the neon lines would have been 
greatly reduced. The pressure of the gas when sealed 
off was 3.5 millimeters. The bulb temperature is 
about 40 deg. cent, but of course is increased when the 
watts are increased. The color of the light of this 
lamp is a beautiful yellow. 

Some of the important factors given special atten¬ 
tion in the designs of this new lamp are: 

1. The attempt to use a gaseous conductor of maxi¬ 
mum conductivity. 

2. Electrodes that are subdivided and of as large a 
total area as possible. 

3. A gas coluxhn (discharge gap) as short as possible. 

4. The planes of the electrodes of opposite polarity 
placed parallel to each other. 

5. The length of the radiator electrodes greater 
than the gas column and perpendicular to it. 

Since the light is entirely due to negative glow, 
cathodic disintegration of the electrodes is one of the 
problems in connection with this type of lamp but it is 
practically nil when the cathode fall equals its minimum 
value. It is greater at lower gas pressures and in- 
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creases as the square of the current, assuming a 
constant electrode area and gas pressure, but it is 
not an essential to transmission of current and seems 
to be largely due to the occluded gases, particularly 
hydrogen. The bulb blackening is far less with 
aluminum radiators than tungsten, nickel, copper, 
etc. Carbon in pure form is difficult to obtain. Iron 
radiators as well as various radiators combined with 
fluorescent coatings offer promise. 

One of the troubles connected with the use of carbon 
was the difficulty of removing all of the occluded 
gases. However, this may be overcome by heating 
not only carbon electrodes but all other varieties of 
radiators. Radiators of whatever material should be 
as pure as possible and be cleansed in the best manner. 
A combination of light from the glowing gas, and from 
an incandescent radiator in the same bulb does not 
seem entirely practical. 

This corona type of lamp produces a luminosity 
that is not due to arcing or even pure discharge phenom¬ 
ena but is due to the glow' of light emanating from 
electrodes or radiators that normally have a tempera¬ 
ture below red heat. According to the theory of 
ionization, the temperature within the negative glow, 
is higher than within the positive column and the 
velocity of the negative ion is greater than that of the 
positive, and this is one reason why the potential 
required to produce a luminous discharge from a 
negative pole is less than from a positive, together 
with the fact that in the negative glow the number of 
positive and negative ions are about equal. 

The exceptional luminous efficiency of neon makes 
it unique among light sources. Immediately upon 
the announcement of its discovery in 1898, I proposed 
its use for lighting purposes. Its great scarcity until 
recently has made rapid progress impossible. Within 
the last few days announcement has been made that 
it can now be bought in almost any quantity and of 
a high degree of purity. Its luminous spectrum is 
almost ideally located to affect the eye in a maximum 
manner. It is a splendid example of selective emission 
or radiation that eliminates the long and therefore 
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inefficient waves. It does for gaseous conductors just 
what the Welsbaeh mantle or the impregnated arc 
lamp electrode does for heated solids. 

The maximum emission is between wave lengths 
590 and 650 which is one of the remarkable properties 
of this gas. It produces over a hundred times as 
much luminosity for the same watts as does argon for 
example. Its dielectric cohesion is 5.6 which is 
extremely low when compared with air at 419. It 
has less than one-half the resistance of nitrogen. It is 
fortunate that the color of the resultant radiation of 
neon from a positive column is different from that of 
a negative glow. 



Neon gas when used as a positive column of light has 
a color so reddish that it would be objectionable for 
many purposes but when the same gas is used as a 
negative glow, the color is yellowish. It has no blue 
or violet or indigo lines and very few infra red rays. 
It is four times better as a light producer than the 
yellow-white light of helium or the violet of xenor, 
both of which have many infra red rays. The 
characteristic crimson of neon has been displaced by 
a uniform mass of soft yellow light that somewhat 
resembles the color of a high class oil lamp, or that 
from the electric incandescent carbon lamp, the in¬ 
trinsic brilliancy of which is theoretically too great. 
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The connections of the four radiators are shown in 
Fig. 25a, but the total flux of light is not very much 
less when the connections are as per Fig. 25b. 



_?Scores of modifications and varying designs have 
suggested themselves. For example, such a type of 



Fig. 28 Fig. 29 


lam p that is suitable for alternating circuits will differ 
from a properly designed direct-current lamp. But 
all alternating-circuit lamps will give some light on a 
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direct current of the same voltage. That is, only one 
of the radiator poles (the negative) will give any light. 
Therefore, in the case of the lamp shown in Fig. 24, 
only two of the four radiator plates will be luminous. 

The positive poles will remain absolutely dark. 
This fact is given recognition in the design of the direct- 
current lamp, shown in Fig. 26. The inner cylinder 
is of sheet aluminum and the outer cylinder is of alumi¬ 
num netting and made the negative pole. 



Fig. 30 


Fig. 27 which is taken from the United States 
Patent No. 1,316,967, which was applied for November 
30th, 1917, shows the positive electrode in the form of 
a spiral on the axis of the lamp. 

Fig. 28 shows a very simple lamp for alternating 
circuits that is constructed by inserting into a 3-in. 
straight-sided glass bulb four right angles made of 
aluminum netting, of 0.052 wire having a mesh of 
eight wires per inch. Each right angle is 5 in. long- 
Eight glass buttons or spacers keep all portions of 
these four angles at a uniform distance of /i6 in- 
from each other, and they are all held in place by the 
walls of the bulb. 

Just as a final mechanical form for the major designs 
of the tungsten lamp was arrived at, so also will 
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doubtless be the ease with lamps or tubes based on the 
corona principle. These lamps should be so designed 
mechanically that a maximum amount of the light 
that is generated has free exit or is reflected in the 
best manner. 

Fig. 29 has a construction that closely resembles 
that of a standard tungsten incandescent lamp, and 
Fig. 30 shows wire electrodes wound parallel to each 
other on a glass drum. Fig. 31 shows such a lamp 
in the form of a tube. 

The dozen most important factors involved in the 
design of these lamps should be examined theoreti¬ 
cally and a definite conclusion reached concerning 
each one, so as to determine definitely its possibilities. 

Some of the important variables are: 

The gas pressure, for (a) efficiency, (b) life. 


Fig. 31 


Electrodes; material, form (wire) and area, best 
suited for a definite voltage, life, wattage, intensity 
and efficiency. 

The exhaust programme. 

The length of the gas column, that is distance 
between radiators of opposite polarity. 

Volume and shape of the bulb. 

When the gas pressure is too high (about 10 milli¬ 
meters) no light appears but at 6 milliameters it 
consists of a velvety or luminescent glow that closely 
envelopes the radiators but extends further and further 
from them as the pressure grows less until it fills the 
entire bulb with a suffused glow, which, however, 
becomes thinner and less luminous when the pressure 
is still further reduced. 

It seems advantageous to subdivide the radiator 
of each negative pole. The lamp made as shown in Fig. 
32, shows that far more light is generated between 
such subdivisions than between areas attached to 
opposite poles. 
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It is apparent that it is very desirable to produce a 
brighter lamp. Photometric measurements of lamps 
constructed as in Fig. 30, showed 2.59 spherical candle 
power on 220 volts alternating current. The higher 
the voltage, the easier is this problem. Therefore, 
perhaps it would be best to first develop a lamp for 
the commercial 500-volt circuits. When the voltage 
is raised abnormally on most of these lamps they will 
arc destructively even though the air gap is large. 
Often times there seems to be less tendency to this 
destructive “ball discharge” arcing when the air 
gao is small, than when it is large, because then the 
ohmic series resistance can be greater. The lamp as 
shown in Fig. 24, has a discharge gap of % in. but in 
other lamps it varies from 1/32 in. to one inch. 

The lamps that give the most light on 110 volts are 




Fig. 32 


those whose radiators were made of wire of small 
di am eter and small total area as shown in Fig. 29. 

Photometric data of various types of these corona 
lamps have been obtained by the use of an 80-in. sphere. 
Color corrections were made by the following procedure: 

1. Hold Moore lamp at 220 volts and adjust com¬ 
parison lamp to Moore lamp color. 

2. Set galvanometer on zero and maintain com¬ 
parison lamp at above color. 
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3. Adjust Mazda “B” lamp to comparison lamp 
color and note voltage. 

4. Ascertain horizontal candle power of Mazda “B” 
lamp at above voltage. 


TABLE I—ALTERNATING CURRENT 


Lamp 

Nos. 


M. 


547 


595 


594 


430 

605 

609 

600 

674 
etc. 
647 

270 

669 

675 
673 


Line 


Lamp 


Lamp 
. c. p 


V. 


155 

min. 

164 

184 

221 

240 

264 
135 
min. 
166 
181 
220 

239 

265 
127 
min. 
167 
1S2 
220 

240 
265 
220 
220 
220 
220 


220 

220 

220 

220 

220 


0.03 

.062 

.105 

.127 

0.16 


0.045 

0.06 

11 

0.14 

0.18 


0.045 

0.075 

135 

|0.17 

0.215 

0.13 

0.11 

0.245 

0.095 


0.185 
0.205 
0.135 
jO. 085 
0.22 


Y. 


149 

148 

168 

177 

184 


153 

162 

187 

197 

211 


153 

159 

180 

189 

200 

155 

188 

195 

172 


W. 


5. 

6.5 

15.5 

20 . 

24.5 


3.9 

7. 

17.4 

23.3 

32.9 


4.4 

9.3 

21 . 

27.8 

37.2 

17. 

16.7 

53 

14.1 


Lamp 

Iw.s.c.p 


A-C. 


Line 

Iwatts 


A-C. 


Line j 
w. per 
;S. c. p. 


164.5 
179. 
193. 

126.5 


SO. 234 

|0.32 

0.594 

0.780 

1.04 


0.25S 

|0.535 

1.15 

1.77 

2.44 


j0.392 

0.635 

1.24 

1.7 

2.4 

0.715 

0.897 

1.825 

0.715 


24.5 

29. 

15.9 

19. 


176. 30.3 


|0.870 

1.047 

0.645 

jo. 601 

0.847 


A-C. 


21 . 

20.5 
26. 

25.5 

23.5 


15. 

13. 

15. 

13. 

13.4 


11.2 

14.7 
17. 
16. 
15. 

23.5 

18.5 
29. 

19.8 


28. 

27. 

24. 

31. 

35. 


A-O. 


4.5 

8.5 
21 . 
28. 
37.5 


4.5 

8.1 

21 . 

29. 

42.6 


5.0 

11 . 

26.4 

36.5 
51. 
26 
23 
58 

18.6 


34.5 

37.5 

19.5 

16.5 
40. 


24. 

26.5 

35.5 
36. 
36 


17. 

14. 

17. 

16. 

17 


12 . 
17. 
21.2 
21 4 
21.2 
34. 
22 . 
32 
26 


39. 

36. 

30. 

27. 

47. 


Series 

w. 


500 w. 


300 w. 


300 w. 


500 w. 
300 w. 
100 w. 
500 w. 


300 w. 
200 w. 
200 w. 
HOOw. 
200 w. 


5. Horizontal c. p. of Mazda “B” lamp x 0.785— 

s. c. p. of Mazda “B” lamp. 

6. Read Mazda "B” lamp and all d-c. or a-c. Moore 

lamps against comparison lamp as set. 

7. Multiply Moore lamp readings by ratio of Mazda 

“B” reading to Mazda “B” s. c. p. 
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The tabulations of Table I show first the perform¬ 
ances of four lamps constructed approximately as 
shown in Fig. 24 on alternating current, and then 
follow the test data of several lamps of varying con¬ 
structions. 

The tabulations of Table II show most of these 
lamps when operating on d-c. circuits, under which 
circumstances of course, but one pole gives any light. 

It is only safe to consider these data however as 
indicating very broad generalizations because no two 
lamps have been made alike, even as regards their 
mechanical construction, and they also differ as 
regards the purity of the gas and its pressure, the 


Table II—DIRECT CURRENT 







Lamp 

Lamp 

Line 

Line 

Series 

Lamp 








w. per 


Nos. 

1 Li 

iie 

La 

,mp 

s. c. p. 

w.s.c.p 

watts 

s. c. p. 

w. 

M. 

V. 

A. 

Y. 

W. 






547 

165 

0.017 

156.5 

2.66 

0.158 

16. 

2.8 

17.8 

500 w. 


220 

0.066 

187 

12.3 

0.444 

27. 

14.5 

32.7 



265 

0.124 

203 

25.1 

0.880 

28 

32.S 

37.3 


595 

165 

0.013 

161.0 

2.0 

0.178 

11.7 

21.1 

12.1 

300 w. 


220 

0.072 

198.4 

14.2 

0.792 

17.8 

15.8 

20. 



265 

0.134 

224. 

30. 

1.88 

16. 

35.8 

18.9 


594 

165 

0.014 

160.8 

2.2 

0.178 

12.3 

2.3 

12.9 

300 w. 


220 

0.061 

201.7 

12.3 

0.663 

18.7 

13.4 

20.2 



265 

0.13 

26.1 

33.9 

1.53 

22. 

34.4 

22.5 


605 

165 

0.015 

160. 

2.5 

0.217 

11.5 

2.6 

1.22 

300 w. 


220 

0.078 

196.6 

15.2 

0.787 

19. 

17.1 

21.8 



265 

0.146 

221. 

32. 

1.48 

22.3 

38.7 

26. 


609 

220 

0.16 

204 

32.4 

1.48 

21.5 

35. 

23.5 

100 w. 

430 

219 

0.105 

166 

16.2 

0.796 

22.5 

21.9 

27.4 

500 w. 

600 

220 

0.04 

198 

S. 

0.387 

20.5 

8.8 

22.5 

500 w 


exhaust programme, etc. There were also encoun¬ 
tered difficulties as regards the photometrical and elec¬ 
trical measurements, for example, when such a lamp is 
consuming less than two watts, yet the amount of 
light seems considerable to the eye in a dark room. 

Nevertheless, I believe that complete and exact 
specifications should be determined upon for an ideal 
lamp of this nature entirely independent of its compara¬ 
tive relations to other and seemingly far superior forms 
of artificial light. 

Some of the conclusions that may be drawn are as 
follows: 

1. Efficiency of these lamps is about the same 
whether operating on a-c. or d-c. circuits. 
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2. Efficiency is about the same on a-c. circuits over 
a wide voltage range. 

3. Efficiency is about the same on a-c. circuits over 

a wide range of intensities. 

4. S. c. p. varies approximately with the wattage 

on either a-c. or d-c. 

5. That the lamps with a reasonably pure neon 
color were not as efficient as those in which gas im¬ 
purities made the color whiter. 

6. The general lamp performance is not very sen¬ 
sitive to wide variations in the length of the gas column 
or gap. 

7. The same lamp equipped with the same resis¬ 
tance and operating at the same voltage takes a con¬ 
siderably higher line wattage on a-c. than on d-c., 
which doubtless is principally due to the light radia¬ 
ting area being double. 

8. The c. p. is greater with radiators of large area. 

9. The power factor of these lamps is about 85 per 
cent. 

These lamps demonstrate that useful gaseous con¬ 
ductor light, that, to say the least, has advertising 
value, can now be produced in a simple manner from 
ordinary commercial circuits. Special uses will be 
found for such lamps for example as polarity or po¬ 
tential indicators. Since the internal parts are all 
below red heat gas explosions will not be caused by bulb 
breakage. Gaseous light, due to electrical agitation 
has, to a limited extent, been emancipated from all 
necessity for a heretofore ever present high potential 
either for starting or normal operation. The basic con¬ 
ception of using a gas to supplant the heated filament 
in an ordinary lamp seemed wholly impossible, yet, 
this new type of lamp makes it at least a partial reality. 
It constitutes an advance in that it adds to our knowl¬ 
edge of a very little developed subject. A new epoch 
in the history of gaseous conduction lighting has 
been reached. It is my hope that the great cause of 
new and better lighting methods in which my deep 
interest has been centered for years, may be spurred 
to rapid advancement in a new direction that gives 
promise of reward to an unlimited number of worthy 
investigators and inventors. 












REPORT OF THE BOARD OF DIRECTORS 

FOR THE FISCAL YEAR ENDING APRIL 30, 1920 


The Board of Directors of the American Institute of Electrical Engi¬ 
neers presents herewith to the membership its Thirty-sixth Annual 
Report, for the fiscal year ending April 30, 1920. A general balance 
sheet showing the condition of the Institute’s finances on April 30, 1920, 
together with other detailed financial statements, is included herein. 
The following is a brief summary of the principal activities of the Insti¬ 
tute during the year; more detailed information has been published from 
month to month in the Institute Journal. 


Directors’ Meetings.—The Board of Directors held ten regular meet¬ 
ings during the year; five of these were held in New York, one at the Lake 
Placid Club, N. Y., in June; one in Philadelphia in October; one in 
Chicago in January; one in Pittsburgh in March, and one in Boston in 
April; one Executive Committee meeting was held on April 27, 1920. 

Information regarding the more important activities of the Institute 
which have been under consideration of the Board of Directors, the com¬ 
mittees, and the various officers, is published each month in the section 
of the Journal devoted to 1 ‘Institute Activities.” 

President.—During the year President Townley has attended many 
Institute and Section meetings including the Annual and Midwinter 
Conventions and meetings in Boston, Chicago,. Detroit, Milwaukee, 
New York, Philadelphia, Pittsburgh, St. Louis, Schenectady and 
Toronto. 


Annual Meeting—The Annual Business Meeting was held at Institute 
headquarters, New York, on May 16, 1919. The Annual Report of the 
Board of Directors for the fiscal year ending April 30, 1919, was presented 
as published in full in the June 1919 issue of the Proceedings. The 
Tellers Committee presented its report upon the election of officers for 


the year beginning August 1, 1919. 

Directly following the business meeting came the ceremony 
presentation of the Edison Medal to Benjamin G. Lamme. 


of the 


Annual Convention.-The Thirty-fifth Annual Convention was htfd 
at the Lake Placid Club, Adirondacks, N. Y., on June 24 to 27, 1919. 
The business and entertainment features were about equally divided, 
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constituting a program that met with general approval. Seven technical 
papersjwere presented at two sessions. A session was devoted, to the 
presentation of Technical Committee Reports. The usual conferences 
of Section delegates, attended by representatives of thirty Sections, were 
merged with conferences under the auspices of the Committee on Develop¬ 
ment of the Institute and they constituted one of the most important 
features of the Convention, as affecting future policies and activities. 


Pacific Coast Convention.—The eighth annual Pacific Coast Conven¬ 
tion was held in Los Angeles, California, September 18 to 20, 1919, under 
the auspices of the Los Angeles Section. Five technical papers were 
presented and a splendid entertainment program provided. 

Joint Meeting with Radio Engineers.—A joint meeting of the A. I. E. E. 
and the Institute of Radio Engineers was held in New York, October 1, 
1919. 

Philadelphia Meeting.—A joint meeting of the Institute and the 
American Physical Society, to which members of the Franklin Institute 
were also invited, was held in Philadelphia on October 10, 1919. 

New York Meeting.—The 355th Institute meeting was held in New 
York on November 14, 1919, under the auspices of the Power Stations 
Committee. Three technical papers were presented on Design and 
Operation of Steam Turbines. 

New York Meeting.—The 356th Institute meeting was held in New 
York on December 12, 1919. Two technical papers were presented, one 
on Searchlights and one on the Automatic Telephone. 

Chicago Meeting.—The 357th Institute meeting was held in Chicago, 
January 9, 1920, under the auspices of the Chicago Section and the 
Lighting and Illumination Committee. 

Mid-Winter Convention.—The eighth Mid-Winter Convention was 
held in New York on February 18 to 20, 1920. The total attendance 
reached 1100. Six technical sessions were held and fourteen technical 
papers were presented. 

Pittsburgh Meeting.—The 358th Institute meeting was held in Pitts¬ 
burgh on March 12, 1920. Five technical papers were presented at two 
sessions under the auspices of the Pittsburgh Section and the Traction 
and Transportation Committee. 

Boston Meeting.—The 359th Institute meeting was held in Boston on 
April 9, 1920. This was a joint meeting with the American Electro¬ 
chemical Society. Two Institute sessions were held under the auspices 
of the Committee on Electrochemistry and Electrometallurgy, at which 
six papers were presented. 
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Meetings and Papers Committee.—The Meetings and Papers Com¬ 
mittee held meetings every month of the year except during July and 
August. 

A very large number of papers was offered during the past year, more 
than- could be presented at regular Institute meetings. To provide an 
opportunity for the presentation of these papers the Committee recom¬ 
mended to the Board of Directors that the Section Chairmen be made 
ex-officio members of the Committee. Thus the Sections could be kept 
informed of the papers available and their representatives could ask for 
the assignment of appropriate papers for Section meetings. The Board 
approved the suggestion and each Section Chairman receives monthly a 
list of available papers. 

On the recommendation of the Committee a number of papers of 
general interest were published in the Journal without presentation at 
meetings. 

The Annual Convention will be held at White Sulphur Springs, June 29 
to July 2, 1920, and a Pacific Coast Convention is scheduled for Portland, 
Oregon, July 21 to 23, 1920. 

Board’s Committee on Technical Activities—Certain portions.of the 
Development Committee’s report were referred to the Committee on 
Technical Activities, who reported on October 10, 1919. Among the 
recommendations made were the following: that Chairmen of Sections 
become ex-officio members of the Meetings and Papers Committee, thus 
permitting Sections a better opportunity to obtain papers of high grade 
and enabling them to hold meetings of even greater interest than in the 
past; that papers covering progress in the art be presented from time to 
time at Institute meetings and that the annual reports of the Technical 
Committees include a review of the state of the art in the,particular field 
covered and such developments as may be worth recording. The com¬ 
mittee’s complete report was published in the Proceedings for December 
1919. 

Publication Committee. —The Publication Committee was established 
for the first time during the present year by an amendment to the By¬ 
laws, in order to carry into effect the recommendations of the Develop¬ 
ment Committee relating to the Institute publications, as approved by 
the June 1919 Convention and subsequently by the Board of Directors. 
This committee has supervision of the monthly Journal and the annual 
Transactions of the Institute; the functions of the former Editing 
Committee have been incorporated with those of the new Publication 

Committee. , 

The chief activity of this committee has been to put into effect the 
recommendation of the membership of the Institute that the monthly 
Proceedings be enlarged both as to scope and size and that it should 
serve as a medium for the presentation of much general information 
for the membership in addition to the customary Institute papers. This 
change was not easy to make during the past year, due to existing condi¬ 
tions of the publishing and related industries, including labor troubles, 
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shortage of supplies and the enormous increase in the cost of paper, 
printing and engraving. 

The appropriation for publications for the present fiscal year is 50 
per cent greater than for any preceding year, thus more of the benefits of 
the Institute are being given directly to the membership in the form of 
publications than ever before, and this has been accomplished without 
any increase in the dues. 

Sections and Branches.—The year terminating May 1, 1920, marks the 
completion of the first year for some time past not involved with some 
phase of the Great War. It is therefore natural it should be marked by a 
return of the Sections activities to normal conditions. The accompanying 
figures indicate that such is the case, for they indicate that the activities 
of the past year have returned to a point very near those for the year 
ending May 1, 1917, and it may be inferred from the present trend that 
there will be a further increase of activities next year. 

The number of Sections has been increased during the past year by the 
addition of those at New York, N. Y., Worcester, Mass., and Providence, 
R. I., while at the same time the number of Student Branches has been 
increased by the addition of Branches at the University of Wisconsin, 
Madison, W T is., and the School of Engineering of Milwaukee, Milwaukee, 
Wis. 

The effort which the Sections Committee made in behalf of the Develop¬ 
ment Committee, culminated last June at the Lake Placid Convention, 
where, owing to the close conformity of interests, the Sections’ delegates 
merged their meeting with the Committee on Development, and ratified 
the recommendations ol the committee. 



For Fiscal Year Ending 


May 1 
1914 

May 1 
1915 

May 1 
1916 

May 1 
1917 

May 1 
1918 

May 1 
1919 

May 1 
1920 

Sections 

30 

31 

32 

32 

34 

34 

36 

Number of Section meetings 
held . 

233 

246 

251 

265 

245 

217 

262 

Total Attendance. 

22.626 

23,507 

28,553 

31,299 

34,614 

25,837 

30,741 

Branches 

Number of Brfvnbhfis. 

47 

52 

54 

59 

59 

61 

62 

Number of Branch, meetings 
held . 

306 

328 

360 

368 

268 

156 

360 

Attendance... 

11,617 

12,712 

15,166 

16,107 

10,683 

6,441 

16,827 






* 
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Standards Committee.—The Standards Committee held during the 
year six regular meetings, three of which were joint meetings with the 
United States Committee of the International Electrotechnical Com¬ 
mission, as well as several meetings of a special committee with the 
delegates who were to attend the Brussels meeting of the Advisory 
Committees of the I. E. C. 

Proposals were formulated and transmitted to the I. E. C. Committee 
which were in accordance with our present 1918 rules and which embodied 
also 1919 amendments which have not yet been issued. The committee 
felt that it w r ould not be desirable to issue the amended rules in revised 
form until the return of the delegates who attended the meeting of the 

1. E. C. Advisory Committees which was held in Brussels in March. 

It is expected that a full report of the Brussels proceedings will be placed 
before the Standards Committee at an early date, at which time another 
joint session with the I. E. C. Committee will be held and arrangements 
perfected to issue a new edition of the rules. This work is well along and 
it is hoped that the new edition can be ready for publication before the 
close of the present Institute year. 

American Engineering Standards Committee.—The American Engi¬ 
neering Standards Committee upon which the Institute is represented by 
three m embers is a coordination of the various bodies engaged in the 
promulgation of standards, to prevent the confusion, duplication and 
overlapping of the efforts of those engaged in standardization, which was 
particularly evident in the early stages of the war. This committee 
makes it possible to give an international status to approved American 
engineering standards and to cooperate with similar foreign organiza¬ 
tions. 

During the past year the committee has prepared a revised*constitution, 
by-laws and rules of procedure, and these revised documents have been 
approved by the governing bodies of the organizations represented on the 
committee. 

The new constitution provides for the representation on the committee 
of other than the five original organizations. Two groups have already 
been admitted, namely: 1. Fire Protection Group, including, National 
Fire Protection Association, National Board of Fire Underwriters, and 
the Associated Factory Mutual Fire Insurance Companies. 2. National 
Safety Council, representing the Safety Group. 

The following organizations have made application and have passed the 
committee, but final action on these applications has not yet been taken 
by the governing bodies. They are; 1. Society of Automotive Engineers. 

2. National Electric Light Association. 3.. Electrical Manufacturers 
Council, representing the Electric Power Club, the Association of 
Allied Electrical Supply Manufacturers, and the Electrical Manufac¬ 
turers Club. 

The American Engineering Standards Committee has already made 
considerable practical headway. It has approved specifications for 
standard pipe threads, and is represented on this subject at an interna¬ 
tional conference in Paris. Cooperation is in progress with the National 
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Screw Thread Commission looking forward, to standard screw threads. 
Through this arrangement direct cooperative work with the British, 
which is not possible by the official Commission, is being carried out. 
The committee is also in active cooperation with the Canadians on bridge 
specifications, with the British on specifications for machine tools and also 
on structural steel sections and with the Swiss on specifications for ball 

be At^conference in which practically all national organizations interested 
in industrial safety were represented, it was unanimously voted that all 
industrial safety codes should be prepared under the auspices of the Ameri¬ 
can Engineering Standards Committee. 

A general sectional committee on Safety Codes has been appointed and 
fifteen of these codes have already been assigned to sponsors who will 
appoint sectional committees to prepare the codes. 

Mr. A. A. Stevenson, of the Standard Steel Works Company, has been 
elected as the new Chairman, and the committee has been fortunate in 
securing the full-time services of Dr. P. G. Agnew, as Secretary. 

International Electrotechnical Commission and Standardization 
Meetings: Paris, May 5 to 7, 1919.—The Special Committee on Rating 
of the I. E. C. held a meeting at Paris, May 5 to 7, 1919. This meeting 
was attended by Messrs. C. A. Adams, H. M. Hobart and C. O. Mailloux 
representing the U. S. National Committee of the I. E. C. The meeting 
was attended by representatives from Belgium, France, Great Britain, 
Italy, Sweden, Switzerland and the United States. 

London, October 20 to 22, 1919.—The fourth plenary meeting of the 
International Electrotechnical Commission was held at the Institution of 
Civil Engineers, London, October 20-22, 1919. Over 50 delegates 
representing 19 countries were received by President Maurice Leblanc at 
the opening meeting. The delegates were welcomed by Sir Richard 
Glazebrook, C. B., President of the British National Committee, Roger 

T. Smith., President of the Institution of Electrical Engineers, and Mr. 
Everest on behalf of the British Electrical and Allied Manufacturers 
Association The Institute was represented on the U. S. National Com¬ 
mittee of the I. E. C. by Messrs. Mailloux, Burke, Chubb and Hobart. 
At the Council Meeting on October 22, Dr. Mailloux, President of the 

U. S. National Committee was elected the new President of the I. E. C. 
A report of the meeting was published in the Journal for February 1920. 

Brussels, March 27, 1920—The National Committees of the I. E. C. 
met in Brussels March 27-29, to discuss recommendations to be made for 
adoption at the next plenary meeting of the I. E. C. Reports of this 
meeting will be published in the Journal promptly after receipt. 

Committee on Safety Codes.—The Chairman of the Committee on 
Safety Codes continued to represent the Institute on the Electrical 
Committee of the National Fire Protection Association, and the Institute 
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was represented at the annual meeting for the revision of the Code, held 
in New York in March. 

The committee was represented at a conference held in New York on 
the question of combining of the National Safety Code and the National 
Electrical Code, the decision being not to attempt to combine them at 
this time. 

The committee was also represented at a meeting in Washington with 
the Bureau of Standards, in the carrying forward the project of the 
development of an Industrial Safety Code, and it was the sense of the 
conference that the matter should be handled through the American 
Engineering Standards Committee, as suggested at the previous con¬ 
ference, and a committee was appointed to carry the matter forward in 
this way. 

Board of Examiners.— The Board of Examiners during the year held 
thirteen meetings, averaging about two and one-half hours each.. It 
considered and referred to the Board of Directors a total of 3265 applica¬ 
tions for admission or transfer to the higher grades. This is an increase 
of about 55% over last year. 

Because of the rapidly increasing amount of work coming before the 
Board, particularly transfers, the personnel this past year was increased 
from five to nine. This increased number permitted a division of the 
work among subcommittees, final action in all cases being taken by the 
entire Board. All doubtful or borderline cases were referred for consider¬ 
ation to the Board as a whole. 

The result of the Board’s work for the year is given in the following 


tabulated statement: 

Applications for Admission 


Recommended for grade of Associate.. 

...1754 

5 

1759 

Recommended for grade of Member... 

Not recommended for admission to this grade..• • • 

... 109 
,... 40 

149 

Recommended for grade of Fellow.. 

Not recommended for admission to this grade. 

7 

.... 10 

17 

Recommended for enrolment as Students.. • 


1172 

Applications for Transfer 

Recommended for grade of Member. 

Not recommended for transfer to this grade. 

.. .. 120 
19 

139 

Recommended for grade of Fellow. 

Not recommended for transfer to this grade. 

.... 19 

.... 10 

29 

Total number of applications considered. 


3265 

9- 

Applications reconsidered.' 




2743 
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Membership— Two thousand and thirty-three applications for mem¬ 
bership in the Institute have been received this year, which exceeds by 
437 the number for the year ending May 1, 1919, the banner year in 
Institute history. 

With the demobilization of the army and navy complete and industry 
returned to a peace basis, great numbers of engineers are turning their 
attention to the zealous pursuit of their profession which accounts largely 
for the decided increase in applications for admission. 

During the five years ending May 1, 1917, the net increase was only 
1251; the total applications received in the five years, 2440, while the 
ending hi a y 1, 1919 shows an increase of 10/0 and that ending hi ay 
1, 1920 a gain of 1093, a slight increase over last year’s record figures. 


Membership, April 30,1919. 

Honorary 

Member 

Fellow 

Member 

Associate 

Total 

6 

489 

1467 

8290 

10,252 

Additions: 






Transferred. 


18 

106 



New Members Qualified... 


6 

100 

1717 


Reinstated. 



11 

‘ 66 


Deductions: 






Died. 


7 

7 

62 

.... 

Resigned.. 


2 

5 

127 


Transferred.. 



12 

112 


Dropped... . . . 


6 

43 

548 


Membership April 30,1920.. 

6 

498 

1617 

9224 

11345 


Net increase in membership during the year, 


Deaths—The following deaths have occurred during the year: 

Fellows Geo. T. Hanchett, John D. Ihlder, Charles E. Knox, John 
Langton, Charles E. Lord, Walter J. Warder, W. D. Weaver. 

Members : J. W. Bard, Leslie H. Harris, Frederick L. Neely, W. O. 
Oschmann, Henry A. Reed, Albert Schmid, W. I. Thomson. 

Associates : Hugo Altmayar, George B. Ames, R. M. Berry, Robert M. 
Biggs, R. L. Cadwell, Willard E. Case, A. P. Chapman, Richard E. 
Cheeny, Stuart H. Clemmen, James E. Cole, David C. Collier, Henry S. 
Dawe, Harry J. Dixon, John W. Downie, Charles L. Easton, Charles 
Elstrom, L. H. Feldhake, Walter S. Garvey, F. S. Gassaway, R. M. 
Glaspey, L. G. Gomez, Harold W. Haldeman, L. J. Heissler, Yoshio 
Hiraga, Raymond S. Horth, Philip B. Hummel, C. J. R. Humphreys, 
Stanleigh O. Kelley, H. D. Kemp, N. C. Kingsbury, A. C. Knight, Harold 
H. La Fever, Frank S. Leisenring, Hugo J. Lundgren, Paul Lupke, 
Wallace J. Mayo, Charles J. Moore, Eldin S. Moulden, Robert W.Nolte, 
Cyril Orpin, Carl Ort, Nathaniel J. Owen, Raymond W. Parker, N. E. 
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Puhakka, George A. Roesler, S. R. Shaper, Herbert L. Sheen, Robert K. 
Sheppard, Oliver T. Smith, Geoffrey R. Thayer, A. C. Thompson, Guion 
Thompson, F. W. Throop, J. T. Tomlinson, Julian Tyng, T. N. Vail, 
W. 0. Vickery, O. A. Walthall, R. P. Walton, K. L. Wang, Hugh M. 
Wilson, L. E. Wright. 

Total deaths, 76. 

Employment Service—The employment service which has been main¬ 
tained for many years at Institute headquarters for the purpose of assisting 
members in obtaining positions has been coordinated with similar service, 
of other societies. This service, now supported and directed jointly by 
the national societies of Civil, Mining, Mechanical and Electrical Engi¬ 
neers as the Engineering Societies Employment Bureau, consists princi¬ 
pally in acting as a medium for bringing together the employer and the 
employee. 

An engineering service bulletin is published each month in the Institute 
J OURNAL and has served to place many men in positions of responsibility, 
both in this country and abroad. The bulletin is subdivided into two 
parts: one containing announcements of vacancies, and the other con¬ 
taining lists of men available, with condensed records of their experience. 
All announcements are published without charge either to the employers 
or to the men seeking positions. 

American Committee on Electrolysis—This committee is composed of 
representatives of the Institute and several other organizations interested 
in electrolysis by stray currents. The American Electrolysis Committee 
has held two meetings during the year, and resumed work after a^ con¬ 
siderable period of interruption due to the war. A subcommittee, 
known as the Research Subcommittee, has been appointed to cooperate 
with the Bureau of Standards in the investigation of electrolysis ques¬ 
tions, and this committee has secured a large amount of information. 
Other subcommittees are gathering material, and a report is in prepara¬ 
tion. 

Development Committee.—In order to meet the rapidly changing 
social, economic and industrial conditions and the ever increasing demand 
for widening the field of Institute activities, the Development Committee 
was appointed in October, 1918. This committee solicited and considered 
suggestions from the membership at large, and reported to the Board of 
Directors in August, 1919. The report, which was approved by the Board 
and published in full in the September 1919 Proceedings, recommended 
such changes in the monthly Journal as would serve to greatly broaden 
its scope; changes in organization were also recommended to bring the 
membership in closer touch with Institute affairs; a closer bond of co¬ 
operation with other engineering organizations was suggested, together 
with the holding of an annual Engineering Congress. 

The various recommendations offered were referred to properly qualified 
committees and reports of the actions resulting from the deliberations of 
these committees will be found elsewhere in this report. 
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Joint Conference Committee of Development Committees.—When the 
Committee on Development made its report on August 12, 1919, it stated 
that it had entered into conference with representatives of the other three 
national societies. A Joint Conference Committee was formed of three 
members of each society. A preliminary meeting was held on July A 
1919 with several subsequent meetings. The final report of this Joint 
Conference Committee was made October 10, 1919, and was printed m 
full in the Proceedings of November 1919. This report came before 
the Board of Directors of the Institute for final action December 12, 1919. 
It recommended in brief the formation of local affiliations and a national 
organization consisting of representatives of local affiliated bodies and 

national societies. * , 

The Board endorsed the report and referred it back to the Institute s 
representatives on the Joint Conference Committee for such action, in 
cooperation with other societies as endorse it, as may be necessary to put 
the recommendations into effect. A call has been issued by the Joint 
Conference Committee for a meeting of delegates of various national and 
local engineering organizations in Washington, D. C., June 3 and 4, 1920. 

Franco- American Engineering Committee.—At the invitation of 
French Engineers issued during the latter part of 1918, a delegation of 
American engineers was appointed by the four national societies, the 
A. S. C. E., the A. S. M. E., the A. I. M. & M. E., and the A. I. E. E., to 
attend a Congress of Engineers in France and to study. with French 
engineers industrial habilitation problems. This delegation sailed for 
France on December 5, 1918. They returned to New York and re¬ 
ported at a joint meeting of the societies on February 10, 1919, as outlined 
in the March Proceedings. During the Paris sessions of the Congress 
a permanent Franco-American Commission was suggested. 

This permanent Franco-American Engineering Committee, composed 
of two representatives of each of the four Founder Societies, has met and 
organized by the appointment of Nelson P. Lewis as chairman. The 
Institute is represented by Lewis B. Stillwell and Andrew M. Hunt. 

United Engineering Society—This Society performs for the national 
societies of Civil, Mining, Mechanical and Electrical Engineers, certain 
specific acts which are governed by contracts; the primary function of 
the United Society being to hold in trust and to administer for these 
societies the Engineering Societies Building, in which the headquarters 
of the National societies are located. 

Extracts from the annual financial report of the United Engineering 
Society were published in the March 1920 Journal. 

Engineering Societies Library.—The library of the Institute is com¬ 
bined with the libraries of the national societies of Civil, Mining, and 
Mechanical Engineers, administered as the “Engineering Societies 
Library” under the direction of the Library Board of the United Engineer¬ 
ing Society ; this board is composed of representatives of each of the four 
societies referred to above. 
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In order to place the facilities of the library at the disposal of persons 
residing at a distance from New York, a Library Service Bureau has been 
established, and a staff of expert searchers and translators is employed to 
cover almost any engineering topic, in the following manner: abstracting, 
translating, bibliographing, statistical searches and reports, searches 
for patent purposes, copying, preparing reference cards, etc. 

An abstract of the annual report of the Engineering Societies Library 
covering the calendar year 1919, was published in the March 1920 
Journal. 

Engineering Council.—The Engineering Council represents the result 
of an organized effort inaugurated in the latter part of 1916 by the national 
societies of Civil, Mining, Mechanical and Electrical Engineers, to 
establish an instrument through which united action could be brought 
about upon matters of common interest to engineers and which would 
serve as a connecting medium between the engineer and the public 
welfare in matters of interest to the engineering profession. The first 
meeting of the Council was held on June 27, 1917. . 

For details regarding the field, aims, and activities of the Council, 
members are referred to the numerous statements published from time 
to time in the monthly Institute Journal. A resume of the annual 
report covering the activities of the Council for the year ending February 
1920, was published in the March 1920 Journal. 

Engineering Foundation.— The Engineering Foundation is a fund 
established by the United Engineering Society on January 27, 1915 
through the generosity of Mr. Ambrose Swasey, of Cleveland. 

The purpose of the Engineering Foundation is the advancement of the 
engineering arts and sciences in all their branches to the greatest good of 
the engineering profession and the good of mankind, which it is proposed 
to accomplish largely through the promotion of engineering research 

The Engineering Foundation is administered by a board upon which the 
Institute and other national engineering societies are represented. 1 he 
annual report of the Engineering Foundation was published in the March 
-1920 Journal. 

Representatives.— The Institute has continued its representation upon 
various national committees and other local and national bodies with 
which it has been affiliated in past years, and in addition has appointed 
representatives upon a number of new organizations, some of the more 
recent being the Franco-American Engineering Committee, the Joint 
Committee for Standard Thread for Insulators and Insulator Pins, and 
on Special Joint Committee on Determination of Power Factor in Poly¬ 
phase Circuits. A complete list of representatives is published monthly 
in the Journal. 

Edison Medal.—The Edison Medal for 1918, which had been awarded 
to Benjamin G. Lamme “For Invention and Development of Electrical 
Machinery” was presented to Mr. Lamme with appropriate ceremonies at 
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the Annual Meeting of the Institute held in New York on May 16, 1919. 
The Edison Medal for 1919 has been awarded to W. L. R. Emmet “For 
Inventions and Developments of Electrical Apparatus and Prime Movers’' 
and the presentation will take place at the Annual Meeting of the Insti¬ 
tute which will be held in New York on May 21^ 1920. 

John Fritz Medal.—The John Fritz Medal Board of Award which is 
composed of representatives of the national societies of Civil, Mining, 
Mechanical and Electrical Engineers, warded the 1920 medal to Orville 
Wright. The medal was presented to Mr. Wright with appropriate 
ceremonies in the auditorium of the Engineering Societies Building, New 
York, on the evening of May 7, 1920. 

Finance Committee.—During the year the committee has held monthly 
meetings, has passed upon the expenditures of the Institute for various 
purposes, and otherwise performed the duties prescribed for it in the Con¬ 
stitution and By-laws. 

Haskins and Sells, certified public accountants, have audited the books, 
and their report is included herein.. 
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HASKINS & SELLS 

CERTIFIED PUBLIC ACCOUNTANTS 
CABLE ADDRESS “HASKSELLS- 
30 BROAD STREET 
NEW YORK 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
CERTIFICATE OF AUDIT 

We have audited the books and accounts of the American Institute of 
Electrical Engineers for the year ended April 30, 1920, and 

We Hereby Certify that the accompanying General Balance Sheet 
properly sets forth the financial condition of the Institute on April 30, 
1920, that the Summary of Income and Profit & Loss for the year ended 
that date is correct, and that the books of the Institute are in agreement 
therewith. 

HASKINS & SELLS, 

Certified Public Accountants. 

New York, 

May 17, 1920. 
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AMERICAN INSTITUTE OF 
Exhibit A'. General Balance Sheet, 

Assets 

Real Estate: 

One-fourth Interest in United Engineering Society’s Real Estate, 

25 to 33 West 39th Street: 

Land and Building.. $472,500.00 

Real Estate Equipment. . 14,292.79 

Total Real Estate. . $486,792.79 


Equipment: 

Library—-Volumes and Fixtures 
Works of Art, Paintings, etc.... 
Office Furniture and Fixtures... 

Total.. 

Less Reserve for Depreciation. . 
Remainder—Equipment. 


$ 40,154.55 
3,001.35 
12,927.38 
$ 56,083.28 
9,470.07 


Investments: 

Bonds—City of Wilmington, Delaware, 4K%, 1934, Par Value 


$15.000.00..$ 15,729.91 

United States Third Liberty Loan 4X% Bonds. 10,000.00 

Total Investments. 


46,613.21 


25,729.91 


Working Assets: 

Publications Entitled “Transactions,” etc. $ 13,657.25 

Paper and Cover Paper. 3,562.25 

Paper for Volume 38 and Advertising. 1,093.65 

Badges. 2-.416.54 

Total Working Assets. 20,729.69 

Current Assets: 

Cash. $ 8,545.68 

Accounts Receivable: 

Members—for Past Dues. 8,634.58 

Advertisers. 3,520.33 

Miscellaneous.-. 598.87 

Miscellaneous Printing and Subscriptions. 227.42 

Accrued Interest on Investments. 109.38 

Accrued Interest on Bank Balance... 260.23 

Total Current Assets.• • • • 21,896.49 


Funds: 

Life Membership Fund: 

Cash. $1,438.67 

Chicago, Burlington & Quincy Railroad Company * 

Bonds, 4%, 1958, Par Value $5,000.00. 4,868.75 

Accrued Interest. 33.33 $ 

International Electrical Congress of St. Louis— 

Library Fund: 

Cash. $ 281.01 

New York City Bonds, 4K%» 1957, Par Value, 

$2,000.00. 2,235.95 

New York Telephone Company Bond, 4>4%. 1939, 

Par Value $1.000.00. 878.75 

Accrued Interest. 67.50 

Mailloux Fund: 

Cash... $ 186.60 

New York Telephone Company Bond, 4K%. 1939, 

Par Value. 1,000.00 

Accrued Interest. 22.50 


Mid winder Convention Fund—Cash 

Total Funds. 

Total.. 


6,340.75 


3,463.21 


1,209.10 ’ 

123.10 

11,136.16 

$612,898.25 
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ELECTRICAL ENGINEERS. 

April 30, 1920. 

Liabilities 


Current Liabilities: 


Accounts Payable— Subject to Approval by the Finance Com¬ 
mittee .. 7 * V * ’ ^ 

Due United Engineering Society, Account Building Addition, 

Including Accrued Interest. 

Dues Received in Advance. • .* * * * 

Entrance Fees and Dues Advanced by Applicants for Member¬ 
ship . 


11,960.71 

5,084.11 

4,073.03 

561.00 


Total Current Liabilities 


Fund Reserves: 

Life Membership Fund.... * 

International Electrical Congress of St. Louis Library Fund.. 

Mailloux Fund. 

Midwinter Convention Fund. 


6,340.75 

3,463.21 

1,209.10 

123.10 


Total Fund Reserves. 
Surplus: Per Exhibit “B”.. 


21,678.85 


11,136.14 

580,083.2$ 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Summary of Income and Profit and Loss 
For the Year Ended April 30, 1920. 

Exhibit B. 

Revenue: 

Entrance Pees. $ 9,940.00 

Dues, Current and Past.*119,072.24 

Student’s Dues. 5,736.00 

Transfer Pees.. 1,195.00 

Sales of Publications, Badges and Advertising. 29,297.81 

Interest on Investments. 1,100.00 

Interest on Bank Balance. 985.72 . 

Gain on Exchange. 94.02 


Total. $167,420.79 


Expenses: 

Publications: 

Journal.'. $54,217.38 

“Transactions”. 18,310.70 

Year Book.... 5,171.60 $ 77,699.68 


Meetings.• • • 6,626.26 

Administrative Expenses. 35,821.60 

Sections Committee. 15,152.28 

Membership Committee. 2,633.84 

Standards Committee. 1,082.86 

Finance Committee. 150.00 

Code Committee. 30.00 

Commiteee on Institute Development. 442.67 

Dues—International Electrotechnical Commission. 250.00 

Interest on United Engineering Society Building Loan. 277.06 

President’s Special Appropriation. 234.89 

Honorary Secretary. 4,000.00 

American Engineering Standards Committee. 1,300.00 

John Fritz Medal Award. 41.30 

Engineering Societies Employment Bureau.. 2,500.00 

Engineering Council. 4,333.36 

Engineering Societies Library, Maintenance. 4,000.00 

Engineering Societies Library, Recataloging. 2,500.04 

United Engineering Society Assessment. 4,875.00 

Amortization of Premium on City of Wilmington Bonds. 52.14 

Accounts Payable—Subject to Approval by the Finance Com¬ 
mittee— for Expenses Undistributed. 2,799.37 


Total. 166.802.35 

Net Revenue —(Forward)... $ 618.44 


51,260.00, applicable to subscriptions to the Journal. 
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Net Revenue —(Forward). $ 61S.44 

Profit and Loss Credit—Adjustment of Inventory of 

Library Volumes and Fixtures, April 30, 1919. 307.00 

Gross Surplus for the Year . $ 925.44 

Profit and Loss Charges: 

, Uncollectible Dues Written Off. $ 2,910.00 

Dues of Members in Military Service Written Off. 1.34S.75 

Total. 4,258.75 

Deficit for the Year . $ 3,333.31 

Surplus, May 1 , 1919. 583,416.55 

Surplus, April 30, 1920. S5SO.OS3.24 


Note: No provision has been made for depreciation of Furniture and Fixtures as the 
present reserve appears to be in excess of requirements. 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Statement of Cash Receipts and Disbursements for Designated 
Purposes, for the Year Ended April 30, 1920. 

Exhibit C. 


Life Membership Fund. 

International Electrical Congress of St. Louis Library Fund—Interest 

and Royalties.. 

Mailloux Fund—Interest.. 

Midwinter Convention Fund—Interest. 


Disbursements : 

Life Membership Fund. 

Midwinter Convention Fund 
Mailloux Fund. 


RECEIPTS AND DISBURSEMENTS PER MEMBER. 

During each fiscal year for the past eight years. 

Year ending April 30. 1913 1914 1915 1916 1917 1918 1919 19 *) 

Membership, April 30, each 

year. 7654 7S76 8054 8212 8710 9282 10252 11345 

Receipts per Member. $13.45 $14.08 $14.06 $13.62 $13.30 $13.17 $13.18 $15.01 

Disbursements per Member 15.57 12.86 13.54 13.74 12.75 11.99 12.92 15.62 

Credit Balance per Member *$2.12 $1.22 $ .52 *$ .12 $ .55 $1.18 $ .26 *$ .61 

♦Deficit, 


Respectfully submitted for the Board of Directors, 

F. L. HUTCHINSON, Secretary , 


New York, May 21, 1920. 
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2. GENERAL THEORY 


A METHOD FOR SEPARATING NO-LOAD LOSSES IN ELECTRICAL MACHINERY 
C. J. FecKheimer Vol. xxxix—1920, pp. 291-299 

The method proposed makes use of idle operation of the machine as a 
motor, the voltage being varied, and speed kept constant. After de¬ 
ducting the armature I 2 R losses from the watts input, the remaining 
watts are plotted against the voltage. A formula is derived based upon 
the assumption that the watts are equal to constant windage and friction 
loss plus core loss which latter varies as a constant power of the voltage. 
An example is given of the close agreement with the test curve in the 
case of an induction motor; and other examples are cited. 

Discussion, pages 300-308, by Messrs.. V. Karapetoff, W: F. Dawson? 
W. I. Slichter, P. L. Alge and C. J. Fechheimer. 

A general theoretical discussion. 

EDDY CURRENT LOSSES IN ARMATURE CONDUCTORS 

R. E. Gilman Vol. xxxix—1920, pp. 997-1048 

A mathematical determination of eddy current losses with formulas 
derived to meet various conditions. 

Discussion, pages 1049-1056, by Messrs. S. L. Henderson and V. 
Karapetoff. 

A general discussion including a difficult mathematical method of 
obtaining the same results. 

POWER FACTOR IN POLYPHASE CIRCUITS 

Vol. xxxix—1920, pp. 1449-1450 

Preliminary report of Special Joint Committee. 

POLYPHASE POWER FACTOR 

F. C. Holtz Vol. xxxix—1920, pp. 1451-1455 

An abstract of a paper descriptive of the determination of power factor 
by various methods. 

Discussion, combined with that of other papers in the symposium. 
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POWER FACTOR IMPROVEMENT DEPENDENT UPON ADEQUATE METERING 

Vol. xxxix—1920, pp. 1457-14:64 

fm. L. Brown 

, . . . , a nflrie , descriptive of the practical questions involved 

in meSng of loads" <5 low power factor and what central stations are 

“Susi°on S combined with that of the other papers in the symposium. 

POWER FACTOR IN POLYPHASE SYSTEMS 

Vol. xxxix—1920, pp. 1465-1467 

Francis B. Silsbee 

An abstract of a paper descriptive of the mutual relations of the various 
definitions of power factor and their respective merits 

Sscussion combined with that of the other papers in the symposium. 

POWER FACTOR AND UNBALANCE ON A POLYPHASE SYSTEM 

Vol. —1920, pp. 1469-1473 

Carl J. Fecbheimer 

An abstract of a paper descriptive of balanced and unbalanced poly' 
nbciQP ^v^tems without neutral current. 

Scussion combined with that of the other papers in the symposium. 

POLYPHASE POWER FACTOR 

Vol. xxxix—1920, pp- 1475-1476 

H. L. Wallau 

An abstract of a paper descriptive of the most applicable definition 

° f ISSSrcombined with that of the other papers-in the symposium. 

POLYPHASE POWER FACTOR 

Vol. xxxix—1920, pp. 1477-1479 

P. M. Lincoln 

, p t of a paper descriptive of the applicable definition 

^“cotbined" with that of the other papers in the symposium. 

POLYPHASE POWER REPRESENTATION BY MEANS OF SYMMETRICAL 
COORDINATES 


C. L. Fortescue 


Vol. xxxix—1920, pp. 1481-1484 


An abstract of a paper descriptive of power representation by means 
° f SS^^SSh that of the other papers in the symposium. 

MEASUREMENT OF POWER FACTOR ON UNBALANCED POLYPHASE 

CIR CHITS 

Vol. xxxix—1920, pp. 1485-1487 

R. D. Evans 

A scientific definition of power factor and description of devices for 
“SSr—'SSSSdSa other papers in the symposium. 
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POLYPHASE POWER FACTOR AND UNBALANCED LOADS 

Vol. xcdx—1920, PP- 1489-1480 

Philip Torchio 

Data giving comparative results of the amount of capacity ' of 

equipment required for generating and transmitting a um ave rage 

power under different conditions of unbalancing, &1 giving 

value of power factor. . ,, c , rrrm osium 

Discussion combined with that of the other papers m the symposiu - 


W. H. Pratt 


POWER FACTOR IN POLYPHASE CIRCUITS 

Vol. xxxix—1920, pp. 1491-1435 


A comparison of the two proposed definitions of power factor from 

various aspects. _ 0 .. ,_ 

Discussion, (including that of papers by Holtz, Brown Silsbee, Fech- 
heimer, Wallau, Lincoln, Fortescue, Evans and Torchio) pages 14WO- 
1520 by Messrs. F. C. Holtz, V. Karapetoff, J. C. Lincoln, C - i _ L ; Fo r 5 tes ? i ^’ 
R. D. Evans, A. Nyman, R. K. Honaman, A. E. Kennelly, Philip Torchio, 
H. B. Dwight, W. H. Pratt, G. A. Sawin, J. R. Craighead and W. V. Lyon. 
A general discussion. 


3. UNITS, MEASUREMENTS AND INSTRUMENTS 


A METHOD FOR SEPARATING NO-LOAD LOSSES IN ELECTRICAL MACHINERY 


C. J. Fechheimer 


Vol. xxxix—1920, pp. 291-299 


The method proposed makes use of idle operation of the machine as a 
motor, the voltage being varied, and speed kept constant. After de¬ 
ducting the armature I 2 R losses from the watts input, the remaining 
watts are plotted against the voltage. A formula is derived based upon 
the assumption that the watts are equal to constant windage and friction 
loss plus core loss which latter varies as a constant power of the voltage. 
An example is given of the close agreement with the test curve in the 
case of an induction motor; and other examples are cited. 

Discussion , pages 300-308, by Messrs. V. Karapetoff, W. P. Dawson, 
W. I. Slichter, P. L. Alge and C. JV Fechheimer. 

A general theoretical discussion. 


THE MEASUREMENT OF PROJECTILE VELOCITIES 
P. E. Klopsteg and A. L. Loomis • Vol. xxxix-1920, pp. 337-353 

The paper discusses the requirements imposed by proving ground 
practise upon a chronograph which is intended for general ammunition 
testing. Instruments of the standard pre-war pattern were entirely 
inadequate in number for testing the immense quantities of ammunition 
contracted for by the Government during the war. The instrument 
which was developed, and adopted as a standard ordnance chronograph, 
is designated “Aberdeen chronograph.” An account of its development 
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is given. The Aberdeen chronograph, and the procedure in determining 
velocities by this means, are described in detail. For the sake of com¬ 
parison, the Boulenge chronograph is briefly described. Comparative 
results as to speed and accuracy of measurement are given. 

Discussion, pages 354-358, by Messrs. E. ]S. F. Creighton, C. H. Sharp, 
R. Kegerreis and P. E. Klopsteg. 

A general discussion and description of certain special problems to 
be solved. 


A NEW FORM OF VIBRATION GALVANOMETER 
P. G. Agnew Vol. xxxix—1920, pp. 359-367 

The instrument described, has a sensitivity higher than other 
forms o the moving-iron type, but less than that of the most sensitive 
forms of the moving-coil type, has the advantages of sturdiness, quick 
responsiveness, and freedom from the effects of external vibration. It 
consists essentially of a fine steel wire, mounted on one pole of a perma¬ 
nent magnet and so arranged that the free end of the wire may vibrate 
betw r een the poles of an electromagnet through -which the current to 
be detected passes. 

Discussion , pages 368-370, by Messrs. J. B. Whitehead, C. H. Sharp, 
W. H. Pratt, P. E. Klopsteg, and P. G. Agnew. 

A PRECISION GAL VANO METRIC INSTRUMENT FOR MEASURING 
THERMOELECTRIC E. M. Fs. 

T. R. Harrison and P. D. Foote Vol. xxxix—1920, pp. 371-402 

- A new principle has been developed whereby an ordinary, millivolt- 
meter may be converted into an instrument in which the usual errors 
arising from a variable line resistance are entirely eliminated. The 
instrument measures true e. m. f. in a simple c’rcuit or if connected across 
a resistance or network through wdfich a current flows it indicates the 
potential drop -which would have existed had the instrument not been 
connected. Various wiring diagrams are shown and methods are dis¬ 
cussed for constructing instruments of zero temperature coefficient and 
properly damped. A ne-w deflection potentiometer is described which 
offers considerable advantage over the ordinary type for small e. m. fs. 
in a circuit of variable resistance. * 

Discussion , pages 403-406, by Messrs. J. B. Whitehead, A. E. Kennelly, 
W. D. A. Peaslee, E. M. Hewdett, C. H. Sharp and H-. B. Brooks. 

NOTES ON THE SYNCHRONOUS COMMUTATOR 
J. B. Whitehead and T. Isshiki Vol. xxxix—1920, pp. 407-438 

In the use. of the synchronous commutator in series connection as a 
suppressor, serious errors may arise due to relatively small amounts of 
capacity in the commutator and galvanometer circuits. The magnitude 
of these errors is studied for a number of different connections, and 
methods for eliminating them are pointed out. A number of wave forms 
are given, indicating the nature of the errors. 





_I » 1 - --4 f W l ■ - 11 4PV'"* „ jjj M" .. I" 111 1 Pf> 


I 


SYNOPTICAL INDEX 7 

An appendix gives a theoretical analysis of two cases investigated and 
shows a close agreement with the experimental observations. 

Discussion , pages 439-441, by Messrs. P. G. Agnew, E. D. Doyle, 
A. E. Kennedy, J. H. Morecroft and J. B. Whitehead. 

OSCILLOGRAPHS AND THEIR TESTS 

A. E. Kennelly, R. N. Hunter and A. A. Prior Vol. xxxix—1920, pp. 443-487 

A method and technique for the testing and calibration of oscillographs 
is described, using an auxiliary vibrator or “oscillographmeter” for the 
production of Lissajous optical figures whereby the resonant frequency 
jo of the tested oscillograph may be readily ascertained. From this 
and one other test, wdiich is preferably a comparative calibration at 
60 ~ and at the resonant frequency, the bluntness of resonance B of the 
oscillograph is determined. 

From the two essential constants fo and B of an oscillograph, its indi¬ 
cation at any assigned frequency can be corrected for the inertia of its 
vibratory system. At high frequencies, the correction may be relatively 
large. 

A number of oscillographs have been tested for their fo and B, The 
principal results obtained are reported in the paper. 

Discussion , pages 488-494, by Messrs. F. S. Dellenbaugh, Jr., B. W. 
St. Clair, N. E. Bonn, M. A. Rusher and A. E. Kennelly. 

THE ACCURACY OF COMMERCIAL ELECTRICAL MEASUREMENTS 
H. B. Brooks * Vol. xxxix—1920, pp. 495-539 

The paper discusses the accuracy required in commercial electrical 
measurements, and the means of obtaining it. Conditions of use, ex¬ 
ternal disturbing influences, and features of design and construction 
affecting the accuracy are considered in detail. The best types of in¬ 
strument for measuring voltage and current are mentioned. 

The sources of error in electrodynamic wattmeters are discussed, 
including the effect of instrument transformer errors. The principal 
factors affecting the accuracy of watthour meters are given. In conclusion, 
some improvements which should be soon forthcoming are mentioned. 

Discussion , pages 590-615, by Messrs. W. H. Pratt, J. R. Craighead, 

E. P. Peck, F. V. Magalhaes, F. H. Bowman, A. Maxwell, H. H. Sticht, 
B. W. St. Clair, A. L. Ellis, H. P. Sleeper and H. B. Brooks. 

A general discussion referring particularly to field practise. 

SOME PRACTICAL EXPERIENCE WITH EMBEDDED TEMPERATURE 
DETECTORS IN LARGE GENERATORS 

F. D. Newbury and C. J. Fechheimer Vol. xxxix—1920, pp. 971-991 

A description of the various factors affecting the location of tempera¬ 
ture detectors and the results obtained. 

Discussion, pages 992-995, by C. J. Fechheimer. 
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EDDY CURRENT LOSSES IN ARMATURE CONDUCTORS 
R. E. Gilmna Vol. xxxix—1920, pp. 997-1048 

A mathematical determination of eddy current losses with formulas 
derived to meet various conditions. 

Discussion , pages 1049-1056, by Messrs. S. L. Henderson and V. 
Karapetoff. 

A general discussion including a difficult mathematical method of 
obtaining the same results. 

THE CORONA VOLTMETER AND THE ELECTRIC STRENGTH OF AIR 
A Natural Secondary Standard of Voltage 

J. B. Whitehead and T. Isshiki Vol. xxxix—1920, pp. 1057-1110 

An improved form of the corona voltmeter is described. Precision 
measurements of crest values of high alternating voltage taken in the 
high-tension circuit are compared with the indications of the corona 
voltmeter. 

The law of corona has been determined to a higher degree of accuracy, 
and a modification in the form of the law as heretofore accepted is revealed. 

As based on the precision voltage measurements the corona voltmeter 
is proposed as a natural secondary standard of high voltages. Its ad¬ 
vantages as a standard, and its practical operation are described. 

Discussion , pages 1111-1114, by Messrs. C. L. Fortescue, A. E. Kennedy, 
J. Slepian, L. W. Chubb, F. W. Peek, Jr. and J. B. Whitehead. 

A discussion of the relative advantages of various methods of measure¬ 
ment of high voltages. 

POWER FACTOR IN POLYPHASE CIRCUITS 

Vol. xxxix—1920, pp. 1449-1450 

Preliminary report of Special Joint Committee. 


POLYPHASE POWER FACTOR 

F. C. Holtz Vol. xxxix—1920, pp. 1451-1455 

An abstract of a paper descriptive of the determination of power factor 
by various methods. 

Discussion , combined with that of other papers in the symposium. 

POWER FACTOR IMPROVEMENT DEPENDENT UPON ADEQUATE METERING 
Wm. L. Brown Vol. xxxix—1920, pp. 1457-1464 

An abstract of a paper descriptive of the practical questions involved 
in metering of loads of low power factor and what central stations are 
actually doing. 

Discussion combined with that of the other papers in the symposium. 
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POWER FACTOR IN POLYPHASE SYSTEMS 
Francis B. Silsbee Vol. sxxix—1920, pp. 1465-1467 

An abstract of a paper descriptive of the mutual relations of the various 
definitions of power factor and their respective merits. 

Discussion combined with that of the other papers in the symposium. 

POWER FACTOR AND UNBALANCE ON A POLYPHASE SYSTEM 
Carl J. Fechheimer Vol. xxxix—1920, pp. 1469-1473 

An abstract of a paper descriptive of balanced and unbalanced poly¬ 
phase systems without neutral current. 

Discussion combined with that of the other papers in the symposium. 


POLYPHASE POWER FACTOR 

H. L. Wallau Vol. xxxix —1920, PP* 1475-1476 

An abstract of a paper descriptive of the most applicable definition 
of power factor. 

Discussion , combined with that of the other papers in the symposium. 
POLYPHASE POWER FACTOR 

P. M. Lincoln Vo1 * xxx i x ~*920, pp. 1477-1479 

An abstract of a paper descriptive of the applicable definition. 
Discussion , combined with that of the other papers in the symposium. 

POLYPHASE POWER REPRESENTATION BY MEANS OF SYMMETRICAL 
COORDINATES 

C. L. Fortescue Vol. xxxix—1920, pp. 1481-1484 

An abstract of a paper descriptive of power representation by means 
of symmetrical coordinates. 

Discussion , combined with that of the other papers in the symposium. 

MEASUREMENT OF POWER FACTOR ON UNBALANCED POLYPHASE 

CIRCUITS 

R. D. Evans Vol. xxxix—1920, pp. 1485-1487 

A scientific definition of power factor and description of devices for 
measuring power factor and unbalance. 

Discussion combined with that of the other papers In the symposium. 


POLYPHASE POWER FACTOR AND UNBALANCED LOADS 
Philip Torchio Vol. xxxix—1920, pp. 1489-1490 

Data giving comparative results of the amount of capacity of electrical 
equipment required for generating and transmitting a unit amount of. 
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power under different conditions of unbalancing, all giving same average 
value of power factor. 

Discussion combined with that of the other papers in the symposium. 

POWER FACTOR IN POLYPHASE CIRCUITS 
W. H. Pratt Vol. xxxix—1920, pp. 1491-1495 

A comparison of the two proposed definitions of power factor from 
various aspects. 

Discussion , (including that of papers by Holtz, Brown, Silsbee, Fech- 
heimer, Wallau, Lincoln, Fortescue, Evans and Torchio), pages 1496- 
1520 by Messrs. F. C. Holtz, V. Karapetoff, J. C. Lincoln, C. L. Fortescue, 
R. D. Evans, A. Nyman, R. K. Honaman, A. E. Kennedy, Philip Torchio, 
H. B. Dwight, W. H. Pratt, G. A. Sawin, J. R. Craighead and W. V. Lyon. 

A general discussion. 

BRIDGE METHODS FOR ALTERNATING-CURRENT MEASUREMENTS 
D. I. Cone Vol. xxxix—1920, pp. 1743-1762 

This paper presents a resume of simple methods of utilizing “bridge” 
networks in alternating-current measurements of impedances and their 
components of effective resistance, self and mutual inductance and ca¬ 
pacitance, and in frequency measurement. 

Discussion , pages 1763-1765, by Messrs. W. A. Hillebrand, H. J. Ryan, 
W. D. Scott, H. V. Carpenter and D. I. Cone. 

THE MEASUREMENT OF MAXIMUM DEMAND AND THE DETERMINATION 

OF LOAD FACTOR 

P. A. Borden Vol. xxxix—1920, pp. 1847-1883 

This paper gives a bird's-eye view of the situation as it exists today’ 
and, in an endeavor to reconcile some of the different opinions on the 
subject to show an actual comparison of the performances of a number 
of demand-measuring devices. From this comparison have been de¬ 
duced some interesting facts which would seem to have important bearing 
upon the status of industrial load measurement. 

Discussion , pages 1884-1894, by Messrs. P. M. Lincoln, C. I. Hall, 
W. H. Pratt and P. A. Borden. 


4. INSULATION AND DIELECTRIC PHENOMENA 

VENTILATION AND TEMPERATURE IN LARGE TURBO GENERATORS 
B. G. Lamme Vol. xxxix—1920, pp. 915-947 

A description of the various methods used for obtaining required 
ventilation with their advantages and disadvantages. 

Discussion , pages 948-949, by Messrs. R. B. Williamson and W. J. 
Foster. 
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TEMPERATURES IN LARGE ALTERNATING-CURRENT GENERATORS 
W. J. Foster Vol. xxxix—1920, pp. 951-964 

A description of design practise in large alternators. 

Discussion , pages 965-969, by Messrs. F. D. Newbury, W. I. Slichter, 
P. Torchio, A. S. Loizeaux, S. Haar, S. R. Bergman and W. J. Foster. 

A general discussion. 

THE CORONA VOLTMETER AND THE ELECTRIC STRENGTH OF AIR 
A Natural Secondary Standard of Voltage 

J. B. Whitehead and T. Xsshiki Vol. xxxix—1920, pp. 1057-1110 

An improved form of the corona voltmeter is described. Precision 
measurements of crest values of high alternating voltage taken in the 
high-tension circuit are compared with the indications of the corona 
voltmeter. - 

The law of corona has been -determined to a higher degree of accuracy, 
and a modification in the form of the law as heretofore accepted is revealed. 

As based on the precision voltage measurements the corona voltmeter 
is proposed as a natural secondary standard of high voltages. Its ad¬ 
vantages as a standard, and its practical operation are described. 

Discussion , pages 1111-1114, by Messrs. C. L. Fortescue, A. E. Kennedy, 
J. Slepian, L. W. Chubb, F. W. Peek, Jr. and J. B. Whitehead. 

A discussion of the relative advantages of various methods of measure¬ 
ment of high voltages. 

HIGH-TENSION INSULATOR PORCELAIN 
W. D. A. Peaslee Vol. xxxix—1920, pp. 1179-1187 

Porcelain high-tension insulator requirements as to mechanical strength,- 
ability to resist, sudden changes of temperature, porosity, homogeneity 
and temperature, coefficient of resistivity. Suggestion as to the influences 
of the Piezo electric effect and the deterioration is presented with a 
brief discussion of the degree of progress in art.. 

Discussion , pages 1188-1194, by Messrs. H. B. Vincent, C. L. Fortescue, 
R. M. Spurck, G. I. Gilchrest and W. D. A. Peaslee. 

A general discussion with plea for the keeping of records by operators. 

FACTORS CONTROLLING THE DESIGN AND SELECTION OF SUSPENSION 

INSULATORS 

W. D. A. Peaslee Vol. xxxix—1920, pp. 1645-1667 

A discussion of the factors entering into the design and operating be¬ 
havior of suspension insulators and problems to be solved in designing 
a suspension insulator to overcome the objectionable features shown 
by experience to affect seriously the operation of the insulators in service. 

Factors to be taken into consideration in the selection of suspension 
insulators for a given condition are given and a brief discussion of the 
general trend of future improvements is presented. 

Discussion incorporated with that of paper by F. W. Peek, Jr. on 
‘‘Electrical Characteristics of the Suspension Insulator —UN 
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UNIT VOLTAGE DUTIES IN LONG SUSPENSION INSULATORS 
H. J. Ryan and H. H. Henline Vol. xxxix—1920, pp. 1669-1684 

This paper deals chiefly with the quantitative relations that exist be¬ 
tween the maximum and average voltage unit-duties in line suspension 
insulators made up of units in common use. 

Discussion incorporated with that of paper by P. W. Peek, Jr., on 
“Electrical Characteristics of the Suspension Insulator—II. n 

ELECTRICAL CHARACTERISTICS OF THE SUSPENSION INSULATOR—H 
Tlie Line Insulators at the Higher Voltages 

F. W. Peek, Jr. Vol. xxxix—1920, pp. 1686-1706 

This paper reviews the duties of the line insulator at voltages above 
100 kv. and compares them with the duties imposed by the lower voltages. 
The discussion is based in general upon data and operating experiences 
of many investigations made particularly during the last few years. 

Discussion , pages 1706-1741, by Messrs. J. B. Fisken, M. T. Crawford, 
E. R. Stauffacher, L. C. Williams, G. E. Quinan, W. A. Hillebrand, 
K. A. Hawley, S. C. Lindsay, L. Lauridsen, A. C. Pratt, C. P. Osborne, 
D. W. Proebstel, J. C. Clark, H. H. Schoolfield, W. D. A. Peaslee, F. W. 
Peek, Jr. and H. J. Ryan. 

STUDIES IN LIGHTNING PROTECTION ON 4000-VOLT CIRCUITS—II 
D. W. Roper Vol. xxxix—1920, pp. 1896-1940 

The paper continues the investigations described by the author in 
another paper presented before the Institute in June, 1916. 

In the paper an endeavor is made to list the several factors which affect 
lightning arrester performance and to describe the methods of eliminating 
these several variables so as to permit the presentation of curves which 
show the relative merits of the arresters under investigation. The final 
curves show the performance of the several types of arresters as affected 
by their density. These results show that four of the types of arresters 
are practically identical in their protective value and about 60 per cent 
as efficient as a fifth type, while the results for the sixth type, being 
limited to a much smaller number of arresters, and a shorter period of 
time, do not appear to be conclusive. 

Discussion , pages 1941-1966, by Messrs. C. P. Steinmetz, J. L. R. 
Hayden, E. E. F. Creighton, V. E. Goodwin, H. B. Gear, E. Bennett, 
H. R. Woodrow, H. R. Summerhayes and D. W. Roper. 

LIGHTNING ARRESTER SPARK GAPS—H 
Cheater T. Allcutt Vol. xxxix—1920, pp. 1967-1980 

This paper presents data giving the discharge characteristics of a 
commercial type of impulse gap under different conditions. Test data 
are also presented giving the characteristics of certain experimental 
gap structures designed to minimize the effects of adverse weather con- 
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ditions, such as rain, fog, etc. A brief discussion of some of the factors 
that determine the degree of protection afforded by a lightning arrester 
spark gap is included in the paper. The term “protection factor” is 
defined and curves giving the protection factor of certain types of gap are 
presented. 

No discussion. 

LIFE AND PERFORMANCE TESTS OF O F LIGHTNING ARRESTERS 
N. A. Lougee Vol. xxxix—1920, pp. 1981-1994 

No discussion. 


5. ELECTRIC CONDUCTORS 

EDDY CURRENT LOSSES IN ARMATURE CONDUCTORS 
R. E. Gilman Vol. xxxix—1920, pp. 997-1048 

A mathematical determination of eddy current losses with formulas 
derived to meet various conditions. 

Discussion , pages 1049-1056, by Messrs. S. L. Henderson and V. 
Karapetoff. s 

A general discussion including a difficult mathematical method of 
obtaining the same results. 


6. MAGNETIC PROPERTIES AND TESTING OF IRON 

MAGNETIC AND ELECTRICAL PROPERTIES OF IRON-NICKEL ALLOYS 
T. D. Yensen Vol. xxxix—1920, pp. 791-815 

Part 1. This investigation was undertaken to determine whether 
any iron-nickel alloys could be found having a higher saturation value 
than pure iron. Alloys were prepared containing 0-100 per cent Ni. 

Part II. Previous investigations on commercial iron-nickel alloys 
have shown that 25 to 35 per cent alloys have irreversible magnetic 
and electrical transformation points occurring below ordinary tempera¬ 
tures. The present investigation confirms these results for pure alloys. 

Discussion , pages 816-822, by Messrs. S. L. Gokhale and L. D. Yensen. 

A general discussion. 


9. ELECTRICAL MACHINERY AND APPARATUS 

A METHOD FOR SEPARATING NO-LOAD LOSSES IN ELECTRICAL MACHINERY 
C. J. Fechheimer Vol. xxxix—1920, pp. 291-299 

The method proposed makes use of idle operation of the machine as a 
motor, the voltage being varied, and speed kept constant. After de¬ 
ducting the armature 1 2 R losses from the watts input, the remaining 
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watts are plotted against the voltage. A formula is derived based upon 
the assumption that the watts are equal to constant windage and friction 
loss plus core loss which latter varies as a constant power of the voltage. 
An example is given of the close agreement with the test curve in the 
case of an induction motor; and other examples are cited. . 

Discussion , pages 300-308, by Messrs. V. Karapetoff, W. P. Dawson, 
W. I. Slichter, P. L. Alge and C. J. Fechheimer. 

A general theoretical discussion. 

FLASHING OF 60-CYCLE SYNCHRONOUS CONVERTERS AND SOME 
SUGGESTED REMEDIES 

M. W. Smith Vol. xxxix—1920, pp. 631-658 

A general discussion of the causes of flashing, action of machines under 
various conditions and some remedies which have been put to practical 
test. 

Discussion , incorporated with that of paper by R. J. Wensley on 
“Automatic Substations for Heavy City Service.” 

AUTOMATIC RAILWAY SUBSTATIONS 

F. W. Peters Vol. xxxix—1920, pp. 659-676 

This paper reviews the broad range of conditions to which railway 
automatic substations have been applied and also discusses the economies 
and operating advantages effected by their use. A description is given 
of the modern equipment with details of its operation. Special reference 
is made to improvements in design of control apparatus, to the positive 
sequence of starting the machines and the protection afforded the ap _ 
paratus against overloads or other irregularities either outside or internal 
to the stations. 

Discussion , incorporated with that of paper by R. J. Wensley on 
“Automatic Substations for Heavy City Service.” 

AUTOMATIC SUBSTATIONS FOR HEAVY CITY SERVICE 
R. J. Wensley Vol. xxxix—1920, pp. 677-689 

A description of the advantages to be obtained in many cases through 
the installation of automatic substations both in improved service and 
in reduction in installed feeder copper etc. 

Discussion , (including that of papers by J. J. Linebaugh, M. W. Smith 
and P. W. Peters), pages 690-710, by Messrs. F. D. Newbury, S. Q. Hayes, 
C. H.Jones, D. C. Hershberger, C. A. Butcher, D. Bowman, J. F. Tritle, 
L. D. Bale, E. W. Cook, J. L. Burnham, M. W. Smith, F. W. Peters and 
,R. J. Wensley. 

A description of practical experiences with flashing and with automatic 
substations on various large installations; C. M. & St. P. R. R., City of 
Cleveland, etc. 
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THE BALDWIN-WESTINGHOUSE CHICAGO, MILWAUKEE AND ST. PAUL 
ELECTRIC LOCOMOTIVES 


N. W. Storer Vol. xxxix—1920, pp. 711-740 

A description in detail of the mechanical and electrical features of 
the locomotives and their action in operation. 

Discussion , incorporated with that of paper by A. F. Batchelder and 
S. T. Dodd on “Passenger Locomotives for Chicago. Milwaukee and 
St. Paul Railway.” 

* PASSENGER LOCOMOTIVES FOR CHICAGO, MILWAUKEE AND ST. PAUL 

RAILWAY 


A. F. Batchelder and S. T. Dodd Vol. xxxix—1920, pp. 741-752 

A detailed description of the G. E. designed locomotives both mechanical 
and electrical features and their operation. 

Discussion , (including that of paper by N. W. Storer), pages 753-760, 
by Messrs. S. Q. Hayes, R. L. Wilson, E. H. Martindale, R. J.Wensley, 
F. D. Hall, R. E. Ferris, A. M. Candy, L. J. Hibbard, C. Townley, 
C. M. Davis, S. T. Dodd and N. W. Storer. 

THE FIXATION OF ATMOSPHERIC NITROGEN BY THE SILENT 
ELECTRIC DISCHARGE PROCESS—I 

C. F. Harding and K. B. McEachron Vol. xxxix—1920, pp. 761-788 

A detailed description of the process of obtaining nitric acid from the 
air by corona discharge from the original apparatus down to the most 
up-to-date equipment. 

Discussion , pages 789-790, by Messrs. Finch, Benjamin, K. B. 
McEachron and Tucker. 

CLASSIFICATION OF LARGE TURBO GENERATOR FAILURES 
Philip Torchio Vol. xxxix—1920, pp. 903-905 

General analysis'of causes of failures. 

Discussion , pages 906-913, by Messrs. W. J. Foster, F. D. Newbury, 
R. B. Williamson, W. F. Dawson, R. Treat, J. Lyman and Philip Torchio. 
A general discussion. 

VENTILATION AND TEMPERATURE IN LARGE TURBO GENERATORS 

B. G. Lamme Vol. xxxix—1920, pp. 915-947 

A description of the various methods used for obtaining required 
ventilation with their advantages and disadvantages. 

Discussion , pages 948-949, by Messrs. R. B. Williamson and W. J. 
Foster. 
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TEMPERATURES IN LARGE ALTERNATING-CURRENT GENERATORS 
W. J. Foster VoL xxxix—1920, pp. 951-964 

A description of design practise in large alternators. 

Discussion , pages 965-989, by Messrs. F. D. Newbury, W. I. Slichter, 
P. Torchio, A. S. Loizeaux, S. Haar, S. R. Bergman and W. J. Foster. 

A general discussion. 

SOME PRACTICAL EXPERIENCE WITH EMBEDDED TEMPERATURE 
DETECTORS IN LARGE GENERATORS 

F. D. Newbury and C. J. Fechheimer VoL xxxix—1920, pp. 971-991 

A description of the various factors affecting the location of tempera¬ 
ture detectors and the results obtained. 

Discussion , pages 992-995, by C. J. Fechheimer. 

EDDY CURRENT LOSSES IN ARMATURE CONDUCTORS 
R. E. Gilman Vol. —1920, pp. 997-1048 

A mathematical determination of eddy current losses with formulas 
derived to meet various conditions. 

Discussion , pages 1049-1056, by Messrs. S. L. Henderson and V. 
Karapetoff. 

A general discussion including a difficult mathematical method of 
obtaining the same results. 


THEORY OF SPEED AND POWER FACTOR CONTROL OF LARGE INDUCTION 
MOTORS BY NEUTRALIZED POLYPHASE ALTERNATING-CURRENT 
COMMUTATOR MACHINES 

John I. Hull VoL xxxix—1920, pp. 1135-1169 

Theory of induction motor control, discussing single-range (below 
synchronism only) speed and power factor control by means of a constant- 
speed series commutator motor, by means of a constant-speed shunt 
commutator motor, by means of a constant-speed compound excited 
commutator motor; double range (all speeds above or below synchronism) 
speed and power factor control by means of a constant-speed shunt 
commutator motor; and double-range (either above or below synchronism) 
operation remote from synchronism. 

Discussion , pages 1170-1177, by Messrs. R. E. Hellmund, C. W. Kincaid, 
and J. I. Hull. 

Discussion of relative advantages of the “Kraemer” and “Scherbins” 
systems. 


THE USE OF REACTORS ON LARGE CENTRAL STATION SYSTEMS 
R. F. Schuchardt Vol. xxxix —1920, pp. 1195-1203 

' An introductory paper to “The Stability of Operation of High-Power 
Generating Systems” by C. P. Steinmetz. A description of reactor 
experience of the Commonwealth Edison Company of Chicago. 
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Discussion, pages 1204-1214, by Messrs. C. P. Steinmetz, A. E. Bauhan, 
R. A. Hentz, D. C. Jackson, P. Torchio, J. Lyman, C. J. Holslag and 
B. G. Jamieson. 

An approximation of short-circuit current developed in Chicago system 
during trouble and outline of reactor practise by other companies. 


POWER CONTROL AND STABILITY OF ELECTRIC GENERATING STATIONS 

C. P. Steinmetz Vol. xxxix—1920, pp. 1215-1270 

A full description of the theoretical and practical application of reactors. 
Discussion , pages 1271-1287, by Messrs. R. E. Doherty, V. Karapetoff, 
H. R. Woodrow, E. G. Merrick, M. Brooks, J. A. Johnson, D. C. Jackson, 

D. W. Roper, P. Torchio and H. R. Summerhayes. 

A general discussion. 

DESIGN OF CONSTANT-CURRENT GENERATORS FOR ARC WELDING 
K. L. Hansen Vo), xxxix —1920, pp. 1357-1402 

A description of the various factors encountered in arc welding and the 
generator characteristics necessary to overcome them. Various types of 
field windings are discussed. 

Discussion , page 1403, by Messrs. R. W. Owens and S. R. Bergman. 




AUTOMATIC ARC WELDING APPARATUS 


S. R. Bergman and R. L. Unland Vol. xxxix—1920, pp. 1405-1407 

An abstract of a paper descriptive of generator with four-pole field and 
two-pole armature possessing inherent electrical characteristics desirable 
for single operator arc welding. No external resistors or regulating 
devices are required. }/ 

Discussion, page 1408, by Messrs. K. L. Hansen and S. R. Bergman. 

ARC WELDING MACHINES OF THE WILSON WELDER AND METALS *' 

COMPANY 

Alexander Churchward Vol. xxxix—1920, pp. 1409-1410 j 

An abstract of a paper descriptive of apparatus furnishing constant 
current to the arc and in which length of the arc is limited. The use of 
the carbon pile is described. The system produces constant heat per 
unit area in the weld, not in the arc. 

No discussion. 

CHARACTERISTICS AND PERFORMANCE OF ARC WELDING APPARATUS 
A. M. Candy Vol. xxxix—1920, pp. 1411-1416 

An abstract of a paper descriptive of the increased efficiency of the ; | 

constant-potential welding circuit and the decreased size and cost of 
apparatus by changing the generated circuit potential from 75 to 60 
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volts. Recent developments are described of both a-c. and d-c. types par¬ 
ticularly an interconnected constant-current variable-voltage d-c. generator 
and exciter. 

Discussion , pages 1417-1421, by Messrs. C. J. Holslag, W. O. Noble, 
S. R. Bergman, A. M. Candy and J. C. Lincoln. 

A general discussion. 

ARC WELDING MACHINERY OF THE U. S. LIGHT AND HEAT CORPORATION 
W. A. Turbayne Vol. xxxix—1920, pp. 1423-1426 

An abstract of a paper descriptive of an arc welding machine wherein 
control of the current and voltage and length of arc is accomplished by 
inherent action of the machine windings. 

No discussion. 

RECENT DEVELOPMENTS IN ELECTRO-PERCUSSIVE WELDING 
Douglas F. Miner Vol. xxxix—1920, pp. 1427-1431 

An abstract of a paper descriptive of machines utilizing the discharge 
of' an electrolytic condenser for fusion substantially simultaneous with a 
percussive engagement. 

Discussion , page 1432, by Messrs. J. C. Lincoln and D. F. Miner. 


ELECTRIC ARC WELDING APPARATUS 

Robert E. Kinkead Vol. xxxix—1920, pp. 1433-1434 

An abstract of a paper on electric arc welding apparatus. 

No discussion. 


A-C. TRANSFORMERS FOR ARC WELDING 
C. J. Holslag Vol. xxxix—1920, pp. 1435-1442 

Abstract of a paper descriptive of the design and advantages of a-c. 
welding apparatus. 

Discitssion , pages 1443-1447, by Messrs. W. O. Noble, J. C. Lincoln, 
C. J. Holslag and B. W. David. 

A general discussion. 

THE APPLICATION OF D-C. GENERATORS TO EXCITER SERVICE 
C. A. Boddie and F. L. Moon Vol. xxxix—1920, pp. 1695-1616 

It is the purpose of this paper chiefly to discuss the relation of exciter 
design to problems, such as voltage range, responsiveness, stability, and 
type of drive, with especial reference to the requirements of automatic 
voltage regulators. 

Discussion , pages 1617-1623, by Messrs R. E. Doherty and C. A. 
Boddie. 
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THE MEASUREMENT OF MAXIMUM DEMAND AND THE DETERMINATION 
OF LOAD FACTOR 

P* A. Borden ' Vol. xxxix—1920, pp. 1847-1883 

This paper gives a bird’s-eye view of the situation as it exists today; 
and, in an endeavor to reconcile some of the different opinions on the 
subject to show an actual comparison of the performances of a number 
of demand-measuring devices. From this comparison have been de¬ 
duced some interesting facts which would seem to have important bearing 
upon the status of industrial load measurement. 

Discussion , pages 1884-1894, by Messrs. P. M. Lincoln, C. I. Hall, 
W. H. Pratt and P. A. Borden. 

LIFE AND PERFORMANCE TESTS OF O F LIGHTNING ARRESTERS 
N. A. Lougee Vol. xxxix—1920, pp. 1981-1994 

No discussion. 

ELECTROSTATIC CONDENSERS 

V. E. Goodwin Vol. xxxix—1920, pp. 1995-2015 

The first part is confined to fundamental characteristics of condensers 
and their relations to electric circuits containing inductance and resist¬ 
ance, and includes a discussion of the effects of switching condensers on 
and off such circuits. The second part of the paper describes some of the 
more important applications of condensers and illustrates the great de¬ 
mand there is in the electrical industry for this class of apparatus. 

Discussion , pages 2016-2019, by Messrs. E. E. F. Creighton, C. T. 
Allcutt, V. E. Goodwin and H. R. Summerhayes. 

GASEOUS CONDUCTION LIGHT FROM LOW-VOLTAGE CIRCUITS 
D. McFarlan Moore Vol. xxxix—1920, pp. 2021-2047 

A description of the development of light production with gaseous 
conductors, dwelling particularly on the latest and most efficient lamps 
of this type. 

No discussion. 


11. POWER PLANTS AND CENTRAL STATIONS 


ESSENTIAL STATISTICS FOR GENERAL COMPARISON OF STEAM POWER 
PLANT PERFORMANCE 


W. S. Gorsuch 


Vol. xxxix—1920, pp. 91-98 


This paper briefly outlines a method for preparing statistical reports 
relating to power generation in steam power plants, whereb) fairly 
close comparisons can be made of the efficiencies between different 
plants, without going into a detailed study of the thermal characteristics 
of the plants, or the intricate subject of power costs. 
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The essential items of steam power plant performance that should be 
recorded and a uniform method of expressing them are given in tabular 
form, followed by an illustration demonstrating the advantage of the 
proposed method. 

Discussion , pages 99-100, by Messrs. E. J. Cheney and W. S. Gorsuch 

ECONOMICAL SUPPLY OF ELECTRIC POWER 
FOR THE INDUSTRIES AND THE RAILROADS OF THE NORTHEAST 
ATLANTIC SEABOARD 

W. S. Murray Vol. sxxix—1920, pp. 101-166 

A description of the super-power plan of generation and distribution 
of electric power whereby a saving will be made annually of over 
1300,000,000. 

Contributions by W. L. Emmet, J. F. Johnson, H. G. Reist, F. D. 
Newbury, W. B. Potter, Philip Torchio, Percy H. Thomas, W. D. A. 
Peaslee and A. O. Austin. 

No discussion. 

FACTORS IN EXCITATION SYSTEMS OF LARGE CENTRAL STATION 
STEAM PLANTS 

J. W. Parker and A. A. Meyer Vol. xxxix—1920, pp. 1663-1673 

This paper points out the most essential requirements of excitation 
schemes; outlines two general methods followed in the design of such 
systems and from which a variety of schemes are built up; and discusses 
briefly the merits as well as demerits of factors determining the success 
of various schemes. 

No discussion A j 


EXCITER PRACTISE IN THE NORTHWEST 
J. D. Ross Vol. rxxix—1920, pp. 1626-1632 

The author gives in table form the generator installation and the ex¬ 
citer sets, with size, voltage, drive, regulators and system of exciter 
connections for the principal hydroelectric plants in operation in the 
Northwest. He analyzes their essential characteristics and the difficulties 
encountered with automatic voltage regulators in plants having generators 
of different sizes and makes. The author advocates for an entirely new 
large hydroelectric or steam plant a system of excitation in which each 
generator is supplied with its own shunt-wound exciter driven by a prime 
mover and furnished with its own regulator. In an existing plant, not 
designed on the unit system, the use of one large exciter to operate the 
entire plant through field rheostats is the best compromise, the old ex¬ 
citer system being used as the duplicate for emergency. 

Discussion incorporated with that of paper by Cox and Michener on 
“Generator Excitation Practise in the Hydroelectric Plants of the Southern 
California Edison Company.” 
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GENERATOR EXCITATION PRACTISE IN THE HYDROELECTRIC PLANTS OF 
THE SOUTHERN CALIFORNIA EDISON COMPANY 
H. H. Cox and H. Michener Vol. xxxix—1920, pp. 1633-1636 

A description of apparatus installed, method of operating and changes 
being made and proposed. 

Discussion , pages 1637-1644, by Messrs. C. J. Fechheimer and J. Lyman. 
Discussion deals chiefly with amount of current required to charge a 
transmission line, etc. 


12. PARALLEL OPERATION 

THE USE OF REACTORS ON LARGE CENTRAL STATION SYSTEMS 

R. F. Schucliardt Vol. xxxix—1920, pp. 1195-1203 

An introductory paper to “The Stability of Operation of High-Power 
Generating Systems” by C. P. Steinmetz. A. description of reactor 
experience of the Commonwealth Edison Company of Chicago. 

Discussion , pages 1204-1214, by Messrs. C. P. Steinmetz, A. E. Bauhan, 
R. A. Hentz, D. C. Jackson, P. Torchio, J. Lyman, C. J. Holslag and 

B. G. Jamieson. 

An approximation of short-circuit current developed in Chicago system 
during trouble and outline of reactor practise by other companies. 

POWER CONTROL AND STABILITY OF ELECTRIC GENERATING STATIONS 

C. P. Steinmetz Vol. xxxix—1920, pp. 1215-1270 

A full description of the theoretical and practical application of reactors. 
Discussion , pages 1271-1287, by Messrs. R. E. Doherty, V. Karapetoff, 
H. R. Woodrow, E. G. Merrick, M. Brooks, J. A. Johnson, D. C. Jackson, 

D. W. Roper, P. Torchio and H. R. Summerhayes. 

A general discussion. 


13. TRANSMISSION LINES 

ECONOMICAL SUPPLY OF ELECTRIC POWER 
FOR THE INDUSTRIES AND THE RAILROADS OF THE NORTHEAST 
ATLANTIC SEABOARD 

W. S. Murray Vol. xxxix—1920, pp. 101-166 

A description of the super-power plan of generation and distribution 
of electric power whereby a saving will be made annually of over 
$300,000,000. 

Contributions by W. L. Emmet, J. F. Johnson, H. G. Reist, F. D. 
Newbury, W. B. Potter, Philip Torchio, Percy H. Thomas, W. D. A. 
Peaslee and A. O. Austin. 

No discussion. 
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INHERENT REGULATION OF CONTINUOUS CURRENT CIRCUITS 
A. L. Ellis and B. W. St. Clair Vol. xxxix—1920, pp. 309-330 

This paper discusses the voltage changes, inherent in d-c. circuits, 
upon change of load. These variations are independent of i r drops or 
speed of prime movers. A simple means of mitigating their effect is 
given. 

Discussion , pages 331-336, by Messrs. V. Karapetoff, H. R. Sum- 
merhayes, L. W. Thompson, B. W. St. Clair and Philip Torchio. 

A general discussion. 

14. ELECTRIC SERVICE DISTURBANCES AND 
PROTECTION 

INHERENT REGULATION OF CONTINUOUS CURRENT CIRCUITS 
A. L. Ellis and B. W. St. Clair Vol. xxxix—1920, pp. 309-330 

This paper discusses the voltage changes, inherent in d-c. circuits, 
upon change' of load. These variations are independent of i r drops or 
speed of prime movers. A simple means of mitigating their effect is 
given. 

Discussion , pages 331-336, by Messrs. V. Karapetoff, H. R. Sum- 
merhayes, L. W. Thompson, B. W. St. Clair and Philip Torchio. 

A general discussion. 

SHORT-CIRCUIT PROTECTION FOR DIRECT-CURRENT SUBSTATIONS 
J. J. Linebaugli Vol. xxxix—1920, pp. 617-629 

The author includes an outline of the progress made in protection 
of direct-current machiner}?- from short circuits since the publication 
of a paper at Atlantic City on this subject. 

The improvements mentioned include the refinement and perfection 
in details of the flash barriers; a new design of high-speed circuit breaker 
for both direct-current substations and electric locomotives; a new high 
reluctance commutating pole 60-cycle synchronous converter and a new 
design of protected brush holder. An instructive analysis of conditions 
during direct-current short circuits is shown by several photographs, 
oscillographs and diagrams. Special reference is made to operating 
results on the electric zone of the Chicago, Milwaukee and St Paul 
Railroad. 

Discussion incorporated with that of paper by R. J. Wensley on “Auto¬ 
matic Substations for Heavy City Service.” 

FLASHING^OF 60-CYCLE SYNCHRONOUS CONVERTERS AND SOME 
SUGGESTED REMEDIES 

M. W. Smith Vol. xxxix—1920, pp. 631-658 

A general discussion of the causes of flashing, action of machines under 
various conditions and some remedies which have been put to practical 
test. 

Discussion , incorporated with that of paper by R. J. Wensley on 
“Automatic Substations for He'avy City Service.” 
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CLASSIFICATION OF LARGE TURBO GENERATOR FAILURES 
hilip Torchio Vol. xxxix—1920, pp. 903-905 

General analysis of causes of failures. 

Discussion , pages 906-913, by Messrs. W. J. Poster, F. D. Newbury, 

- B. Williamson, W. F. Dawson, R. Treat, J. Lyman and Philip Torchio. 

A general discussion. 

THE CORONA VOLTMETER AND THE ELECTRIC STRENGTH OF AIR 
A Natural Secondary Standard of Voltage 

. B. Whitehead and T. Isshiki Vol. xxxix—1920, pp. 1057-1110 

An improved form of the corona voltmeter is described. Precision 
leasurements of crest values of high alternating voltage taken in the 
igh-tension circuit are compared with the indications of the corona 
oltmeter. 

The law of corona has been determined to a higher degree of accuracy, 
nd a modification in the form of the law as heretofore accepted is revealed. 

As based on the precision voltage measurements the corona voltmeter 
3 proposed as a natural secondary standard of high voltages. Its ad¬ 
vantages as a standard, and its practical operation are described. 

Discussion, pages 1111-1114, by Messrs. C. L. Fortescue, A. E. Kennelly, 

. Slepian, L. W. Chubb, F. W. Peek, Jr. and J. B. Whitehead. 

A discussion of the relative advantages of various methods of measure- 
nent of high voltages. 

THE USE OF REACTORS ON LARGE CENTRAL STATION SYSTEMS 
*. F. Schuchardt Vol. xxxix—1920, pp. 1195-1203 

An introductory paper to “The Stability of Operation of High-Power, 
venerating Systems” by C. P. Steinmetz. A description of reactor 
;xperience of the Commonwealth Edison Company of Chicago. 

Discussion , pages 1204-1214, by Messrs. C. P. Steinmetz, A. E. Bauhan, 
R.. A. Hentz, D. C. Jackson, P. Torchio, J. Lyman, C. J. Holslag and 
3. G. Jamieson. 

An approximation of short-circuit current developed in Chicago system 
luring trouble and outline of reactor practise by other companies. 

POWER CONTROL AND STABILITY OF ELECTRIC GENERATING STATIONS 

P. Steinmetz Vol. xxxix—1929, pp. 1215-1270 

A full description of the theoretical and practical application of reactors- 

Discussion , pages 1271-1287, by Messrs. R. E. Doherty, V. Karapetoft, 
EL R. Woodrow, E. G. Merrick, M. Brooks, J. A. Johnson, D. C. Jackson, 
D. W. Roper, P. Torchio and H. R. Summerhayes. 

A general discussion. 
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VOLTAGE~STRESSES IN REACTORS IN SERVICE 

F. H. Kierstead and R. Meeker Vol. xxxix—7920, pp. 1289-1328 

In this paper the authors present experimental data which indicate 
the voltage stresses existing in current-limiting reactors under different 
conditions. Physical explanations of the phenomena are offered. 

Discussion , pages 1329-1335, by Messrs. J. F. Peters, P. Torchio, 
H. R. Woodrow, C. L. Fortescue, H. B. Dwight, A. Nyman, J. Slepian 
and F. H. Kierstead. 

A general discussion. 

FACTORS CONTROLLING THE DESIGN AND SELECTION OF SUSPENSION 

INSULATORS 


W. D. A. Peaslee Vol. xxxix—1920, pp. 1645-1667 

A discussion of the factors entering into the design and operating be¬ 
havior of suspension insulators and problems to be solved in designing 
a suspension insulator to overcome the objectionable features shown 
■by experience to affect seriously the operation of the insulators in service. 

Factors to be taken into consideration in the selection of suspension 
insulators for a given condition are given and a brief discussion of the 
general trend of future improvements is presented. 

Discussion incorporated with that of paper by F. W. Peek, Jr. on 
“Electrical Characteristics of the Suspension Insulator—II.” 

UNIT VOLTAGE DUTIES IN LONG SUSPENSION INSULATORS 
H. J. Ryan and H. H. Henline Vol. xxxix—1920, pp. 1669-1684 

This paper deals chiefly with the quantitative relations that exist be¬ 
tween the maximum and average voltage unit-duties in line suspension 
insulators made up of units in common use. 

Discussion incorporated with that of paper by F. W. Peek, Jr., on 
“Electrical Characteristics of the Suspension Insulator—II.” 

ELECTRICAL CHARACTERISTICS OF THE SUSPENSION INSULATOR—H 
The Line Insulators at the Higher Voltages 

F. W. Peek, Jr. Vol. xxxix—1920, pp. 1685-1705 

This paper reviews the duties of the line insulator at voltages above 
100 kv. and compares them with the duties imposed by the lower voltages. 
The discussion is based in general upon data and operating experiences 
of many investigations made particularly during the last few years. 

Discussion , pages 1706-1741, by Messrs. J. B. Fisken, M. T. Crawford, 
E. R. Stauffacher, L. C. Williams, G. E. Quinan, W. A. Hillebrand, 
K. A. Hawley, S. C. Lindsay, L. Lauridsen, A. C. Pratt, C. P. Osborne, 
D. W. Proebstel, J. C. Clark, H. H. Schoolfield, W. D. A. Peaslee, F. W. 
Peek, Jr. and H. J. Ryan. 
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STUDIES IN LIGHTNING PROTECTION ON 4000-VOLT CIRCUITS—II 
D. W. Roper Vol. xxxix—1920, pp. 1895-1940 

The paper continues the investigations described by the author in 
another paper presented before the Institute in June, 1916. 

In the paper an endeavor is made to list the several factors which affect 
lightning arrester performance and to describe the methods of eliminating 
these several variables so as to permit the presentation of curves which 
show the relative merits of the arresters under investigation. The final 
curves show the performance of the several types of arresters as affected 
by their density. These results show that four of the types of arresters 
are practically identical in their protective value and about 60 per cent 
as efficient as a fifth type, while the results for the sixth type, being 
limited to a much smaller number of arresters, and a shorter period of 
time, do not appear to be conclusive. 

Discussion , pages 1941-1966, by Messrs. C. P. Steinmetz, J. L. R. 
Hayden, E. E. F. Creighton, V. E. Goodwin, H. B. Gear, E. Bennett, 
H. R. Woodrow, H. R. Summerhayes and D. W. Roper. 

LIGHTNING ARRESTER SPARK GAPS—H 
Chester T. Allcutt Vol. xxxix—1920, pp. 1967-1980 

This paper presents data giving the discharge characteristics of a 
commercial type of impulse gap under different conditions. Test data 
are also presented giving the characteristics of certain experimental 
gap structures designed to minimize the effects of adverse weather con¬ 
ditions, such as rain, fog, etc. A brief discussion of some of the factors 
that determine the degree of protection afforded by a lightning arrester 
spark gap is included in the paper. The term * ‘protection factor is 
defined and curves giving the protection factor of certain types of gap are 
presented. 

No discussion. 

LIFE AND PERFORMANCE TESTS OF O F LIGHTNING ARRESTERS 
N. A. Lougee Vol. xxxix—1920, pp. 1981-1994 

No discussion. 

15. DISTRIBUTION SYSTEMS 

ECONOMICAL SUPPLY OF ELECTRIC POWER 
FOR THE INDUSTRIES AND THE RAILROADS OF THE NORTHEAST 
ATLANTIC SEABOARD 

W. S. Murray Vol. xxxix—1920, pp. 101-166 

A description of the super-power plan of generation and distribution 
of electric power whereby a saving will be made annually of over 
$300,000,000. 

Contributions by W. L. Emmet, J. F. Johnson, H. G. Reist, F. D. 
Newbury, W. B. Potter, Philip Torchio, Percy H. Thomas, W. D. A. 
Peaslee and A. O. Austin. 

No discussion. 
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POWER^FACTOR CORRECTION ON DISTRIBUTION SYSTEMS 
D. M. Jones Vol. xxxix—1920, pp. 1767-1793 

A general description of power factor, its relation to capital invested, 
effect on losses and regulation. Sources of bad power factor, remedies, 
etc. 

Discussion , pages 1794-1806, by Messrs. J. E. Woodbridge, W. J. Davis, 
Jr., L. T. Mervin, H. J. Ryan, R. F. Hayward, H. T. Plumb, H. V. 
Carpenter, C. A. Whipple and D. M. Jones. 

ECONOMIC STUDY OF SECONDARY DISTRIBUTION 
P. O. Reyneau and H. P. Seelyee Vol. xxxix—1920, pp. 1807-1843 

The purpose of this paper is to study from an economical viewpoint 
the conditions generally met with in secondary distribution and to fur¬ 
nish as far as possible guidance for the designer. Means are furnished 
for readily discovering the limitations of any problem. 

Discussion , pages 1844-1846, by Messrs. W. I. Slichter, D. W. Roper 
and H. P. Seelyee. 


16. CONTROL, REGULATION AND SWITCHING 

INHERENT REGULATION OF CONTINUOUS CURRENT CIRCUITS 
A. L. Ellis and B. W. St. Clair Vol. xxxix—1920, pp. 309-330 

This paper discusses the voltage changes, inherent in d-c. circuits, 
upon change of load. These variations are independent of i r drops or 
speed of prime movers. A simple means of mitigating their effect is 
given. 

Discussion , pages 331-336, by Messrs. V. Karapetoff, H. R. Sum- 
merhayes, L. W. Thompson, B. W. St. Clair and Philip Torchio. 

A general discussion. 


AUTOMATIC RAILWAY SUBSTATIONS 

F. W. Peters Vol. xxxix—1920, pp. 659-676 

This paper reviews the broad range of conditions to which railway 
automatic substations have been applied and also discusses the economies 
and operating advantages effected by their use. A description is given 
of the modern equipment with details of its operation. Special reference 
is made to improvements in design of control apparatus, to the positive 
sequence of starting the machines and the protection afforded the ap¬ 
paratus against overloads or other irregularities either outside or internal 
•to the stations. 

Discussion , incorporated w T ith that of paper by R. J. Wensley on 
'‘Automatic Substations for Heavy City Service.” 
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AUTOMATIC SUBSTATIONS FOR HEAVY CITY SERVICE 
R. J. Wensley Vol. xxxix—1920, pp. 677-689 

A description of the advantages to be obtained in many cases through 
the installation of automatic substations both in improved service and 
in reduction in installed feeder copper etc. 

Discussion , (including that of papers by J. J. Linebaugh, M. W. Smith 
and F. W. Peters), pages 690-710, by Messrs. F. D. Newbury, S. Q. Hayes, 
C. H. Jones, D. C. Hershberger, C. A. Butcher, D. Bowman, J. F. Tritle, 
L. D. Bale, E. W. Cook, J. L. Burnham, M. W. Smith, F. W. Peters and 
R. J. Wensley. 

A description of practical experiences with flashing and with automatic 
substations on various large installations; C. M. & St. P. R. R., City of 
Cleveland, etc. 

REACTIVE POWER AND MAGNETIC ENERGY 
Joseph. Slepian Vo!, xxxix—1920, pp. 1115-1132 

The relation between reactive power and magnetic and electrostatic 
energies is stated and proved and its utility is illustrated by deriving 
the connection between reactive power and the size of machines, between 
the magnetic energy of an a-c. system and the field excitations of the 
synchronous machines therein, and by giving the physical significance 
of pow T er factor under unbalanced conditions. 

Discussion , page 1133, by Mr. C. L. Fortescue. 

THEORY OF SPEED AND POWER FACTOR CONTROL OF LARGE INDUCTION 
MOTORS BY NEUTRALIZED POLYPHASE ALTERNATING-CURRENT 
COMMUTATOR MACHINES 

John I. Hull Vol. xxxix—1920, pp. 1135-1169 

Theory of induction motor control, discussing single-range (below 
synchronism only) speed and power factor control by means of a constant- 
speed series commutator motor, by means of a constant-speed shunt 
commutator motor, by means of a constant-speed compound excited 
commutator motor; double range (all speeds above or below synchronism) 
speed and power factor control by means of a constant-speed shunt 
co m mutator motor; and double-range (either above or below synchronism) 
operation remote from synchronism. 

Discussion, pages 1170-1177, by Messrs. R. E. Hellmund ; C. W. Kincaid, 
and J. I. Hull. 

Discussion of relative advantages of the “Kraemer and Scherbius 
systems. 

THE USE OF REACTORS OF LARGE CENTRAL STATION SYSTEMS 
R. F. Schuchardt Vol. xxxix—1920, pp. 1195-1203 

An introductory paper to “The Stability of Operation of High-Power 
Generating Systems” by C. P. Steinmetz. A description of reactor 
experience of the Commonwealth Edison Company of Chicago. 
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Discussion , pages 1204-1214, by Messrs. C. P. Steinmetz, A. E. Bauham 
R. A. Hentz, D. C. Jackson, P. Torchio, J. Lyman, C. J. Holslag and 
B. G. Jamieson. 

An approximation of short-circuit current developed in Chicago system 
during trouble and outline of reactor practise by other companies. 


POWER CONTROL AND STABILITY OF ELECTRIC GENERATING STATIONS 

C. P. Steinmetz Vol. xxxix—1920, pp. 1215-1270 

A full description of the theoretical and practical application of reactors. 
Discussion , pages 1271-1287, by Messrs. R. E. Doherty, V. Karapetoff, 
H. R. Woodrow, E. G. Merrick, M. Brooks, J. A. Johnson, D. C. Jackson, 

D. W. Roper, P. Torchio and H. R. Summerhayes. 

A general discussion. 

CALCULATION OF MAGNETIC FORCE ON DISCONNECTING SWITCHES 

Herbert Bristol Dwight Vol. yttiy — 1920, pp. 1337-1350 

The practical problem of finding the magnetic force tending to open 
a disconnecting switch is expressed in concise form in formulas (20) 
and (21), and their derivation and the assumptions on which they are 
based are given. 

Curves are also presented in Figs. No. 3 and No. 4 from which the force 
may be found without using the formulas. 

Discussion, pages 1351-1355, by Messrs. V. Karapetoff, A. Nyman, 

E. G. Merrick and H. B. Dwight. 

A discussion of other mathematical methods of obtaining similar results. 

POWER FACTOR IN POLYPHASE CIRCUITS 

Vol. xxxix—1920, pp. 1449-1450 
Preliminary report of Special Joint Committee. 

POLYPHASE POWER FACTOR 

F. C. Holtz Vol. xxxix—1920, pp. 1451-1455 

An abstract of a paper descriptive of the determination of power factor 
by various methods. 

Discussion , combined with that of other papers in the symposium. 

POWER FACTOR IMPROVEMENT DEPENDENT UPON ADEQUATE METERING 
Wm. L. Brown Vol. xxxix—1920, pp. 1457-1464 

An abstract of a paper descriptive of the practical questions involved 
in metering of loads of low power factor and what central stations are 
actually doing. 

Discussion combined with that of the other papers in the symposium. 
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POWER FACTOR IN POLYPHASE SYSTEMS 
Francis B. Silsbee Vol. xxxix—1920, pp. 1465-1467 

An abstract of a paper descriptive of the mutual relations of the various 
definitions of power factor and their respective merits. 

Discussion combined with that of the other papers in the symposium. 

POWER FACTOR AND UNBALANCE ON A POLYPHASE SYSTEM 
Carl J. Fechheimer Vol. xxxix—1920, pp. 1469-1473 

An abstract of a paper descriptive of balanced and unbalanced poly¬ 
phase systems without neutral current. 

Discussion combined with that of the other papers in the symposium. 

POLYPHASE POWER FACTOR 

H. L. Wallau Vol. xxxix—1920, pp. 1475-1476 

An abstract of a paper descriptive of the most applicable definition 
of power factor. 

Discussion , combined with that of the other papers in the symposium. 
POLYPHASE POWER FACTOR 

P. M. Lincoln Vol. xxxix—1920, pp. 1477-1479 

An abstract of a paper descriptive of the applicable definition. 
Discussion , combined with that of the other papers in the symposium. 

POLYPHASE POWER REPRESENTATION BY MEANS OF SYMMETRICAL 
COORDINATES 

C. L. Fortescue Vol. xxxix—1920, pp. 1481-1484 

An abstract of a paper descriptive of power representation by means 
of symmetrical coordinates. 

Discussion , combined with that of the other papers in the symposium. 

MEASUREMENT OF POWER FACTOR ON UNBALANCED POLYPHASE 

CIRCUITS 

R. D. Evans Vol. xxxix—1920, pp. 1485-1487 

A scientific definition of power factor and description of devices for 
measuring power factor and unbalance. 

Discussion combined with that of the other papers in the symposium. 

POLYPHASE POWER FACTOR AND UNBALANCED LOADS 
Philip Torchio Vol. xxxix—1920, pp. 1489-1490 

Data giving comparative results of the amount of capacity of electrical 
equipment required for generating and transmitting a unit amount of 
power under different conditions of unbalancing, all giving same average 
value of power factor. 

Discussion combined with that of the other papers in the symposium. 
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POWER FACTOR IN POLYPHASE CIRCUITS 
W. H. Pratt Vol. xxxix—1920, pp. 1491-1495 

A comparison of the two proposed definitions of power factor from 
various aspects. 

Discussion, (including that of papers by Holtz, Brown, Silsbee, Fech- 
heimer, Wallau, Lincoln, Fortescue, Evans and Torchio), pages 1496- 
1520 by Messrs. F. C. Holtz, V. Karapetoff, J. C. Lincoln, C. L. Fortescue, 
R. D. Evans, A. Nyman, R. K. Honaman, A. E. Kennedy, Philip Torchio, 
H. B. Dwight, W. H. Pratt, G. A. Sawin, J. R. Craighead and W. V. Lyon. 

A general discussion. . . 

CONSIDERATIONS WHICH DETERMINE THE SELECTION AND GENERAL 
DESIGN OF AN EXCITER SYSTEM 

J. T. Barron and A. E. Bauhan Vol. xxxix—1920, pp. 1521-1551 

Excitation systems may be divided into (a) Central Systems with 
separately driven exciters, (b) Central Systems with direct-connected 
exciters, (c) Individual Systems with direct-connected exciters and 
(d) Individual Systems with separately * driven exciters. 

The paper discusses the factors which must be considered in determining 
which of the above systems is the best to use in any particular case. 

The paper also considers subjects related to the completion of an ex¬ 
citation design layout. 

Discussion , pages 1552-1561, by Messrs. R. C. Muir, W. F. Sims, E. 
G. Merrick, V. Karapetoff, W. J. Foster and A. E. Bauhan. 

A description of experience with various systems and a tabular compari¬ 
son of the various exciter systems. 

FACTORS IN EXCITATION SYSTEMS OF LARGE CENTRAL STATION 
STEAM PLANTS 

J. W. Parker and A. A. Meyer Vol. xxxix—1920, pp. 1563-1673 

This paper points out the most essential requirements of excitation 
schemes; outlines two general methods followed in the design of such 
systems and from which a variety of schemes are built up; and discusses 
briefly the merits as well as demerits of factors determining the success 
of various schemes. 

No discussion. 


EXCITERS AND SYSTEMS OF EXCITATION 
TT t R. Summerhayes Vol. xxxix—-1920, pp. 1575-1594 

A description of the various factors to be considered in the selection 
and design of an exciter system. 

No discussion. 

THE APPLICATION OF D-C. GENERATORS TO EXCITER SERVICE 
C. A. Boddie and F. L. Moon Vol. xxxix—1920, pp. 1595-1616 

It is the purpose of this paper chiefly to discuss the relation of exciter 
design to problems, such as voltage range, responsiveness, stability, and 
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type of drive, with especial reference to the requirements of automatic 
voltage regulators. 

Discussion , pages 1617-1623, by Messrs. R. E. Doherty and C. A. 
Boddie. 

EXCITER PRACTISE IN THE NORTHWEST 
J. D. Ross Vol. xxxix—1920, pp. 1625-1632 

The author gives in table form the generator installation and the ex¬ 
citer sets, 'with size, voltage, drive, regulators and system of exciter 
connections for the principal hydroelectric plants in operation in the 
Northwest. He analyzes their essential characteristics and the difficulties 
encountered with automatic voltage regulators in plants having generators 
of different sizes and makes. The author advocates for an entirely new 
large hydroelectric or steam plant’a system of excitation in -which each 
generator is supplied with its own shunt-wound exciter driven by a prime 
mover and furnished with its own regulator. In an existing plant, not 
designed on the unit system, the use of one large exciter to operate the 
entire plant through field rheostats is the best compromise, the old ex¬ 
citer system being used as the duplicate for emergency. 

Discussion incorporated with that of paper by Cox and Michener on 
“ Generator Excitation Practise in the Hydroelectric Plants of the Southern 
California Edison Company.” 

GENERATOR EXCITATION PRACTISE IN THE HYDROELECTRIC PLANTS OF 
THE SOUTHERN CALIFORNIA EDISON COMPANY 

H. H. Cox and H. Michener Vol. xxxix—1920, pp. 1633-1636 

A description of apparatus installed, method of operating and changes 
being made and proposed. 

Discussion , pages 1637-1644, by Messrs. C. J. Fechheimer and J. Lyman. 

Discussion deals chiefly with amount of current required to charge a 
transmission line, etc. 

POWTER FACTOR CORRECTION ON DISTRIBUTION SYSTEMS 
D. M. Jones Vol. xxxix—1920, pp. 1767-1793 

A general description of power factor, its relation -to capital invested* 
effect on losses and regulation. Sources of bad power factor, remedies*. 
etc. 

Discussion , pages 1794-1806, by Messrs. J. E. Woodbridge, W. J. Davis, 
Jr., L. T. Mervin, H. J. Ryan, R. F. Hayward, H. T. Plumb, H. V. 
Carpenter, C. A. Whipple and D. M. Jones. 

ELECTROSTATIC CONDENSERS 

V. E. Goodwin Vol. xxxix—1920, pp. 1995-2015 

The first part is confined to fundamental characteristics of condensers^ 
and their relations to electric circuits containing inductance and resist¬ 
ance, and includes a discussion of the effects of switching condensers on 
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and off such circuits. The second part of the paper describes some of the 
more important applications of condensers and illustrates the great de¬ 
mand there is in the electrical industry for this class of apparatus. 

Discussion, pages 2016-2019, by Messrs. E. E. F. Creighton, C. T. 
Allcutt, V. E. Goodwin and H. R. Summerhayes. 


18. LIGHTING AND LAMPS 

THE SERIES SYSTEM OF STREET LIGHTING DISTRIBUTION 
W. P. Hurley Vol. xxxix—1920, pp. 1-15 

The series system of distribution has been used almost universally 
for street lighting since the first use of ‘electric lamps. 

Lamps, both arc and incandescent are very simple and more efficient 
when designed for series operation than are the multiple type. The 
maintenance of constant power at the lamp terminals where lamps are 
thinly scattered over a wide area is much easier with a series system of 
distribution than with any other system. The burning of all street 
lamps in the city for certain specified hours makes it desirable to turn 
the whole circuit on and feff from a certain point so that such a system 
whether series or multiple cannot be used to distribute power for other 
purposes. As therefore, a special system is necessary for the street lamps, 
it has usually been made of the series type for the above reasons. 

The special apparatus required to operate a series system from con¬ 
stant potential is very simple and inexpensive. 

Discussion , pages 16-32, by Messrs. A. E. Betts, E. Sweitzer, F. F. Fowle, 
G. N. Chamberlin, F. W. Parker, E. N. Lake, F. A. Vaughn, Mr. Cameron, 
C. H. Shepherd, W. A. Del Mar, H. Nixon, Mr. Snyder, C. E. Skinner, 
J. E. Royer and W. P. Hurley. 

A general discussion of series distribution practise and apparatus. 

MULTIPLE SYSTEMS OF DISTRIBUTION FOR STREET LIGHTING 
Ward Harrison Vol. xxxix—1920, pp. 33-48 

The advantages in simplicity and flexibility of multiple connected 
lamps are discussed with particular reference to the frequent changes 
and extensions of street lighting service required in growing cities. The 
more general adoption of multiple street lighting is stated to be contingent 
upon fuller standardization of suitable methods of control applicable 
generally to existing electrical power distribution systems. Different 
devices in use or proposed for control of multiple street lamps are briefly 
described and the characteristics desirable in such apparatus are outlined. 
Attention is directed to the small differences in efficiency of present 
multiple and series incandescent lamps. 

Discussion , pages 49-56, by Messrs. N. B. Hinson, W. Harrison, C. E. 
Skinner, J. M. Humiston, C. H. Shepherd, F. A. Vaughn, H. Goodwin, Jr., 
F. H. Bernhard, Mr. Peaslee, Mr. Cameron and G. Nixon. 

A discussion of practise in various cities, Southern California Edison 
etc. 
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CONSTANT POTENTIAL SERIES LIGHTING 

C. P. Steinmetz Vol. xxxix—1920, pp. 57-72 

A general description of the advantages and disadvantages of constant 
potential series systems, with appendix descriptive of Chicago’s system. 
Discussion, pages 73-89, by Messrs. J. R. Cravath, F. A. Vaughn, 

D. W. Roper, W. Harrison, and F. H. Murphy. 

A general discussion including a description of the Milwaukee system 
with outdoor substations, etc. 

GASEOUS CONDUCTION LIGHT FROM LOW-VOLTAGE CIRCUITS 
D. McFarlan Moore Vol. xxxix—1920, pp. 2021-2047 

A description of the development of light production with gaseous 
conductors, dwelling particularly on the latest and most efficient lamps 
of this type. 

No discussion. 

20. MISCELLANEOUS APPLICATIONS OF 
ELECTRICITY 

THE FIXATION OF ATMOSPHERIC NITROGEN BY THE SILENT 
ELECTRIC DISCHARGE PROCESS—I 

C. F. Harding and K. B. McEachron Vol. xxxix—1920, pp. 761-788 

m A detailed description of the process of obtaining nitric acid from the 
air by corona discharge from the original apparatus down to the most 
up-to-date equipment. 

Discussion, pages 789-790, by Messrs. Finch, Benjamin, K. B. 
McEachron and Tucker. 

DESIGN OF CONSTANT-CURRENT GENERATORS FOR ARC WELDING 
K. L. Hansen Vol. xxxix—1920, pp. 1357-1402 

A description of the various factors encountered in arc welding and the 
generator characteristics necessary to overcome them. Various types of 
field windings are discussed. 

Discussion , page 1403, by Messrs. R. W. Owens and S. R. Bergman. 

AUTOMATIC ARC WELDING APPARATUS 

S. R. Bergman and R. L. Unland Vol. xxxix—1920, pp. 1405-1407 

An abstract of a paper descriptive of generator with four-pole field and 
two-pole armature possessing inherent electrical characteristics desirable 
for single operator arc welding. No external resistors or regulating 
devices are required. 

Discussion , page 1408, by Messrs. K. L. Hansen and S. R. Bergman. 
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ARC WELDING MACHINES OF THE WILSON WELDER AND METALS 

COMPANY 

Alexander Churchward Vol. xxxix—1920, pp. 1409-1410 

An abstract of a paper descriptive of apparatus furnishing constant 
current to the arc and in which length of the arc is limited. The use of 
the carbon pile is described. The system produces constant heat per 
unit area in the weld, not in the arc. 

No discussion. 

CHARACTERISTICS AND PERFORMANCE OF ARC WELDING APPARATUS 
A. M. Candy Vol. xxxix—1920, pp. 1411-1416 

An abstract of a paper descriptive of the increased efficiency of the 
constant-potential welding circuit and the decreased size and cost of 
apparatus by changing the generated circuit potential from 75 to 60 
volts. Recent developments are described of both a-c. and d-c. types par¬ 
ticularly an interconnected constant-current variable-voltage d-c. generator 
and exciter. 

Discussion, pages 1417-1421, by Messrs. C. J. Holslag, W. 0. Noble, 
S. R. Bergman, A. M. Candy and J. C. Lincoln. 

A general discussion. 

ARC WELDING MACHINERY OF THE U. S. LIGHT AND HEAT CORPORATION 
W. A. Turbayne Vol. xxxix—1920, pp. 1423-1426 

An abstract of a paper descriptive of an arc welding machine wherein 
control of the current and voltage and length of arc is accomplished by 
inherent action of the machine windings. ** 

No discussion. 

RECENT DEVELOPMENTS IN ELECTRO-PERCUSSIVE WELDING 
Douglas F. Miner Vol. xxxix—1920, pp. 1427-1431 

An abstract of a paper descriptive of machines utilizing the discharge 
of an electrolytic condenser for fusion substantially simultaneous with a 
percussive engagement. 

Discussion , page 1432, by Messrs. J. C. Lincoln and D. F. Miner. 
ELECTRIC ARC WELDING APPARATUS 

Robert E. Kinkead Vol. xxxix—1920, pp. 1433-1434 

An abstract of a paper on electric arc welding apparatus. 

No discussion. 


A-C. TRANSFORMERS FOR ARC WELDING 
C. J. Holslag Vol. x xx ix—1920, pp. 1435-1442 

Abstract of a paper descriptive of the design and advantages of a-c. 
welding apparatus. 

Discussion, pages 1443-1447, by Messrs. W. O. Noble, J. C. Lincoln, 
C. J. Holslag and B. W. David. 

A general discussion. 
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21. TELEPHONY AND TELEGRAPHY 

PRINTING TELEGRAPH SYSTEMS 

John H. Bell Vol. xxxix—1920, pp. 167-230 

This paper describes the Creed, Murray Automatic, Siemans & Halske 
Baudot and American Multiplex Printing Telegraph Systems, and their 
methods of operation. A discussion of the operating features of the 
systems described is dealt with under the following headings: 

Accuracy; Speed of Service; Operator Output; Maintenance; Line 
Economies; and Flexibility. 

Discussion is combined with that of paper by Campbell and Foster on 
“Maximum Output Networks For Telephone Substation and Repeater 
Circuits.” 

MAXIMUM OUTPUT NETWORKS FOR TELEPHONE SUBSTATION AND 
- REPEATER CIRCUITS 

G. A. Campbell and R. N. Foster Vol. xxxix—1920, pp. 231-280 

Ideal telephone substation and repeater circuits are shown to present out¬ 
put and input requirements which can be met by a type of circuit containing 
four resistances each of which has maximum output; maximum output 
is found to involve biconjugacy. The necessary formulas for proportion¬ 
ing these circuits and also circuits having superfluous elements are de¬ 
rived. 

Discussion (including that of paper by J. H. Bell), pages 281-290, 
by Messrs. G. O. Squier, E. Russel, C. E. Davies, H. A. Emmons, P. M. 
Rainey, J. P. Edwards, E. R. Shute, R. E. Chetwood, G. R. Benjamin, 
L. Espenscheid, 0. B. Blackwell, J. H. Cuntz, J. H. Bell and G. A. Camp¬ 
bell. 

Discussion chiefly on printing telegraph including description of its 
accomplishments in France with the A. E. F. 


22. MISCELLANEOUS TOPICS AND INSTITUTE 
AFFAIRS 

ESSENTIAL STATISTICS FOR GENERAL COMPARISON OF STEAM POWER 
PLANT PERFORMANCE 

W. S. Gorsuch Vol. xxxix—1920, pp. 91-98 

This paper briefly outlines a method for preparing statistical reports 
relating to power generation in steam power plants, whereby fairly 
close comparisons can be made of the efficiencies between different 
plants, without going into a detailed study of the thermal characteristics 
of the plants, or the intricate subject of power costs. 

The essential items of steam power plant performance that should be 
recorded and a uniform method of expressing them are given in tabular 
form, followed by, an illustration demonstrating the advantage of the 
-proposed method. - 

Discussion , pages 99-100, by Messrs. E. J. Cheney and W. S. Gorsuch. 




A METHOD FOR SEPARATING NO-LOAD LOSSES IN ELECTRICAL MACHINERY 
C. J. Fechheimer Vol. xxxix—1920, pp. 291-299 

The method proposed makes use of idle operation of the machine as a 
motor, the voltage being varied, and speed kept constant. After de¬ 
ducting the armature 1 2 R losses from the watts input, the remaining 
watts are plotted against the voltage. A formula is derived based upon 
the assumption that the watts are equal to constant windage and friction 
loss plus core loss which latter varies as a constant power of the voltage. 
An example is given of the close agreement with the test curve in the 
case of an induction motor; and other examples are cited. 

Discussion , pages 300-308, by Messrs. V. Karapetoff, W. F. Dawson, 
W. I. Slichter, P\ L. Alge and C. J. Fechheimer. 

A general theoretical discussion. 


A description of the super-power plan of generation and distribution 
of electric power whereby a saving will be made annually of over 
8300,000,000. 

Contributions by W. L. Emmet, J. F. Johnson, H. G. Reist, F. D. 
Newbury, W. B. Potter, Philip Torchio, Percy H. Thomas, W. D. A 
Peaslee and A. O. Austin. 

No discussion. 


THE MEASUREMENT OF PROJECTILE VELOCITIES 
P. E. Ellopsteg and A. L. Loomis Vol. xxxix—1920, pp. 337-353 


NOTES ON THE SYNCHRONOUS COMMUTATOR 
J. B. Whitehead and T. Isshiki . Vol. xxxix—1920, pp. 407-438 

In the use of the synchronous commutator in series connection as a 
suppressor, serious errors may arise due to relatively small amountt of 


The paper discusses the requirements imposed by proving ground 
practise upon a chronograph which is intended for general ammunition 
testing. Instruments of the standard pre-war pattern were entirely 
inadequate in number for testing the immense quantities of ammunition 
contracted for by the Government during the war. The instrument 
which was developed, and adopted as a standard ordnance chronograph, 
is designated “Aberdeen chronograph.” An account of its development 
is given. The Aberdeen chronograph, and the procedure in determining 
velocities by this means, are described in detail. For the sake of com¬ 
parison, the Boulenge chronograph is briefly described Comparative 
results as to speed and accuracy of measurement are given. 

Discussion , pages 354-358, by Messrs. E. E. F. Creighton, C. H. Sharp, 
R. Kegerreis and P. E. Klopsteg. 

A general discussion and description of certain special problems to 
be solved 
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ECONOMICAL SUPPLY OF ELECTRIC POWER 
FOR THE INDUSTRIES AND THE RAILROADS OF THE NORTHEAST 
ATLANTIC SEABOARD 

W. S. Murray Vol. xxxix—1920, pp. 101-166 
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capacity in the commutator and galvanometer circuits. The magnitude 
of these errors is studied for a number of different connections, and 
methods for eliminating them are pointed out. A number of wave forms 
are given, indicating the nature of the errors. 

An appendix gives a theoretical analysis of two cases investigated and 
shows a close agreement with the experimental observations. 

Discussion , pages 439-441, by Messrs. P. G. Agnew, E. D. Doyle, 
A. E. Kennelly, J. H. Morecroft and J. B. Whitehead. 

AUTOMATIC RAILWAY SUBSTATION'S 

F. W. Peters Vol. xxxix—1920, pp. 659-676 

This paper reviews the broad range of conditions to which railway 
automatic substations have been applied and also discusses the economies 
and operating advantages effected by their use. A description is given 
of the modern equipment with details of its operation. Special reference 
is made to improvements in design of control apparatus, to the positive 
sequence of starting the machines and the protection afforded the ap¬ 
paratus against overloads or other irregularities either outside or internal 
to the stations. 

Discussion , incorporated with that of paper by R. J. Wensley on 
11 Automatic Substations for Heavy City Service.” 

AUTOMATIC SUBSTATIONS FOR HEAVY CITY SERVICE 
R. J. Wensley Vol. xxxix—1920, pp. 677-689 

A description of the advantages to be obtained in many cases through’ 
the installation of automatic substations both in improved service and 
in reduction in installed feeder copper etc. 

Discussion , (including that of papers by J. J. Linebaugh, M. W. Smith 
and F. W. Peters), pages 690-710, by Messrs. F. D. Newbury, S. Q. Hayes, 
C. H. Jones, D. C. Hershberger, C. A. Butcher, D. Bowman, J. F. Tritle, 
L. D. Bale, E. W. Cook, J. L. Burnham, M. W. Smith, F. W. Peters and 

R. J. Wensley. 

A description of practical experiences with flashing and with automatic 
substations on various large installations; C. M. & St. P. R. R., City of 
Cleveland, etc. 

THE BALDWIN-WESTINGHOUSE CHICAGO, MILWAUKEE AND ST. PAUL 
ELECTRIC LOCOMOTIVES 

N. W. Storer Vol. xxxix—1920, pp. 711-740' 

A description in detail of the mechanical and electrical features of 
the locomotives and their action in operation. 

Discussion , incorporated with that of paper by A. F. Batchelder and 

S. T. Dodd on “Passenger Locomotives for Chicago, Milwaukee and 
St. Paul Railway.” 
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PASSENGER LOCOMOTIVES FOR CHICAGO, MILWAUKEE AND ST. PAUL 

RAILWAY 

A. F. Batchelder and S. T. Dodd Vol. xxxix—1920, pp. 741-752 

A detailed description of the G. E. designed locomotives both mechanical 
and electrical features and their operation. 

Discussion , (including that of paper by N. W. Storer), pages 753-760, 
by Messrs. S. Q. Hayes, R. L. Wilson, E. H. Martindale, R. J. Wensley, 
F. D. Hall, R. E. Ferris, A. M. Candy, L. J. Hibbard, C. Townley, 
C. M. Davis, S. T. Dodd and N. W. Storer. 

AN ENGINEERING ANALYSIS OF THE LABOR PROBLEM 
Calvert Townley ' Vol. xxxix—1920, pp. 823-831 

Presidents address. 

TECHNICAL COMMITTEE REPORTS 

Vol. xxxix—1920, pp. 833-901 

VENTILATION AND TEMPERATURE IN LARGE TURBO GENERATORS 

B. G. Lamme Vol. xxxix—1920, pp. 915-947 

A description of the various methods used for obtaining required 
ventilation with their advantages and disadvantages. • 

- Discussion, pages 948-949, by Messrs. R. B. Williamson and W. J. 
Foster. 

TEMPERATURES IN LARGE ALTERNATING-CURRENT GENERATORS 
W. J. Foster Vol. xxxix—-1920, pp. 951-964 

A description of design practise in. large alternators. 

Discussion, pages 965-969, by Messrs. F. D. Newbury, W. I. Slichter, 
P. Torchio, A. S. Loizeaux, S. Haar, S. R. Bergman and W. J. Foster. 

A general discussion. 

REACTIVE POWER AND MAGNETIC ENERGY 
Joseph Slepian Vol. xxxix—1920, pp. 1115-1132 

The relation between reactive power and magnetic and electrostatic 
energies is stated and proved and its utility is illustrated by deriving 
the connection between reactive power and the size of machines, between 
the magnetic energy" of an a-c. system and the field excitations of the 
synchronous machines therein, and by giving the physical significance 
of power factor under unbalanced conditions. 

Discussion, page 1133, by Mr. C. L. Fortescue. 

HIGH-TENSION INSULATOR PORCELAIN 
W. D. A. Peaslee Vol. xxxix—1920, pp. 1179-1187 

Porcelain high-tension insulator requirements as to mechanical strength, 
ability to resist, sudden changes of temperature, porosity, homogeneity 
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and tempcmture, coefficient of resistivity. Suggestion as to the influences 
, . ■ z ° electric effect and the deterioration is presented with a 

briei discussion of the degree of progress in art. 

d D ™ cu * swn ’ P a 2 es 1188-1194, by Messrs. H. B. Vincent, C. L. Fortescue, 
K * M. Spurck, G. I. Gilchrest and W. D. A. Peaslee. 

A general discussion with plea for the keeping of records by operators. 

VOLTAGE STRESSES IN REACTORS IN SERVICE 

F. H. Kierstead and R. Meeker Vol. xxxix— 1920, pp. 1289-1328 

In this paper the authors present experimental data which indicate 
the voltage stresses existing in current-limiting reactors under diff erent 
conditions. Physical explanations of the phenomena are offered. 
^Discussion, pages 1329-1335, by Messrs. J. P. Peters, P. Torchio 
H -A Woodrow, C. L. Fortescue, H. B. Dwight, A. Nyman, J. Slepian 
and P. H. Kierstead. 

A general discussion. 

CALCULATION OF MAGNETIC FORCE ON DISCONNECTING SWITCHES 

Herbert Bristol Dwigbt Vol. xxxix—1920, pp. 1337-1350 

The practical problem of finding the magnetic force tending to open 
a disconnecting switch is expressed in concise form in formulas (20) 
and (21), and their derivation and the assumptions on which they are 
based are given. 

Curves are also presented in Figs. No. 3 and No. 4 from which the force 
may be found without using the formulas. 

Discussion , pages 1351-1355, by Messrs. V. Karapetoff, A. Nyman, 
E. G. Merrick and H. B. Dwight. , 

A discussion of other mathematical methods of obtaining similar results 

CONSIDERATIONS VTHICH DETERMINE THE SELECTION AND GENERAL 
DESIGN OF AN EXCITER SYSTEM 

J. T. Barron and A. E. Bauhan Vol. xxxix—1920, pp. 1521-1551 

Excitation systems may be divided into (a) Central Systems with 
separately driven exciters, (b) Central Systems with direct-connected 
exciters, (c) Individual Systems with direct-connected exciters and 
(d) Individual Systems with separately driven exciters. 

The paper discusses the factors which must be considered in determining 
which of the above systems is the best to use in any particular case. 

The paper also considers subjects related to the completion of an ex¬ 
citation design layout. , 

Discussion , pages 1552-1561, by Messrs. R. C. Muir, W. F. Sims, E. 

G. Merrick, V. Karapetoff, W. J. Foster and A. E. Bauhan. 

A description of experience with various systems and a tabular compari¬ 
son of the various exciter systems. 
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FACTORS IN EXCITATION SYSTEMS OF LARGE CENTRAL STATION 
STEAM PLANTS 


J. W. Parker and A. A. Meyer Vol. xxxix.1920, pp. 1563-1573 

This paper points out the most essential requirements of excitation 
schemes; outlines two general methods followed in the design of such 
systems and from which a variety of schemes are built up; and discusses 
briefly the merits as well as demerits of factors determining the success 
of various schemes. 

No discussion. 


EXCITERS AND SYSTEMS OF EXCITATION 
H. R. Summerhayes Vol. xxxix 1920, pp. 1575 1594 

A description of the various factors to he considered in the selection 
and design of an exciter system. 

No discussion. 


THE APPLICATION OF D-C. GENERATORS TO EXCITER SERVICE 
C. A. Boddie and F. L. Moon Vol. xxxix 1920, pp. 1595-1016 

It is the purpose of this paper chiefly to discuss the relation of exciter 
design to problems, such as voltage range, responsiveness, stability, and 
type of drive, with especial reference to the requirements of automatic 
voltage regulators. 

Discussion, pages HU7-102E, by Messrs. R. K. Doherty and C. A. 
Boddie, 

EXCITER PRACTISE IN THE NORTHWEST 
J. X). Ross Vol. xxxix 1920, pp. 1626-1632 

The author gives in table form the generator installation and the ex* 
eiter sets, with size, voltage, drive, regulators and system of exciter 
connections for the principal hydroelectric plants in operation in the 
Northwest. He analyzes their essential characteristics and the difficulties 
encountered with automatic voltage regulators in plants having generators 
of different sizes and makes. The author advocates for an entirely new 
large hydroelectric or steam plant a system of excitation in which each 
generator is supplied with its own shunt**wound exciter driven by a prime 
mover and furnished with its own regulator. In an existing plant, not 
designed on the unit system, the use of one large exciter to operate the 
entire plant through field rheostats Is the best compromise, the old ex 
eiter system being used as the duplicate for emergency. 

Discussion incorporated with that of paper by Cox and Miehener on 
"Generator Excitation Practise in the Hydroelectric Plants of the Southern 
California Edison Company.” 
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GENERATOR EXCITATION PRACTISE IN THE HYDROELECTRIC PLANTS OF 

THE SOUTHERN CALIFORNIA EDISON COMPANY 

H. H. Cox and H. Michener Vol. xxxix—1920, pp. 1633-1636 

A description of apparatus installed, method of operating and changes 
being made and proposed. 

Discussion , pages 1637-1644, by Messrs. C. J. Fechheimer and J. Lyman. 
Discussion deals chiefly with amount of current required to charge a 
transmission line, etc. 

FACTORS CONTROLLING THE DESIGN AND SELECTION OF SUSPENSION 

INSULATORS 

W. D. A. Peaslee Vol. xxxix—1920, pp. 1646-1667 

A discussion of the factors entering into the design and operating be¬ 
havior of suspension insulators and problems to be solved in designing 
a suspension insulator to overcome the objectionable features shown 
by experience to affect seriously the operation of the insulators in service. 

Factors to be taken into consideration in the selection of suspension 
insulators for a given condition are given and a brief discussion of the 
general trend of future improvements is presented. 

Discussion incorporated with that of paper by F. W. Peek, Jr. on 
"Electrical Characteristics of the Suspension Insulator—II.” 

UNIT VOLTAGE DUTIES IN LONG SUSPENSION INSULATORS 
H. J. Ryan and H. H. Henline Vol. xxxix—1920, pp. 1669-1684 

This paper deals chiefly with the quantitative relations that exist be¬ 
tween the maximum and average voltage unit-duties in line suspension 
insulators made up of units in common use. 

Discussion incorporated with that of paper by F. W. Peek, Jr., on 
"Electrical Characteristics of the Suspension Insulator—II.” 

ELECTRICAL CHARACTERISTICS OF THE SUSPENSION INSULATOR—II 
The Line Insulators at the Higher Voltages 

F. W. Peek, Jr. Vol. xxxix—1920, pp. 1686-1706 

This paper reviews the duties of the line insulator at voltages above 
100 kv. and compares them with the duties imposed by the lower voltages. 
The discussion is based in general upon data and operating experiences 
of many investigations made particularly during the last few years. 

Discussion , pages 1706-1741, by Messrs. J. B. Fisken, M. T. Crawford, 
E. R. Stauffacher, L. C. Williams, G. E. Quinan, W. A. Hillebrand, 
K. A. Hawley, S. C. Lindsay, L. Lauridsen, A. C. Pratt, C. P. Osborne, 
D. W. Proebstel, J. C. Clark, H. H. Schoolfield, W. D. A. Peaslee, F. W. 
Peek, Jr. and H. J. Ryan. 






topical index 


Aberdeen,. chronograph, description 


Magnetic properties, alloys, etc.) 
temperatures in (See Generators, 

a-c., etc.) 

measurement, bridge methods. 

system, current, flux linkages. 

energy..... 

A1 , transformers, arc welding.. 

Alternators, excitation requirements... 

parallel operation of.* 

Annual Reports, technical committees (See Reports, annual," etc.*)* 
Arc welding, automatic apparatus (See Welding, arc. etc.) 

Armature, copper, heat flow, turbo generators.... 

Arresters, lightning, 4000-volt circuits.. 

description of test circuit. .. 

design factors... 

suggested specifica¬ 
tions. 

effect of transformer density 

location on cable poles. 

performance,. factors af¬ 
fecting.. 

shielding effects. 

0 F performance. 

oxide film, current discharge capacity. 

efficiency... . . .. 

life and tests... 

performance. 

reseal....... 

sensitiveness.. 

spark gaps....... 

characteristics... 

theory of charge.formation.. 

transformer failure, equations.. 

Automatic, arc welding apparatus (See Welding Arc, etc.) 

substations, railway (See Substations, railway, etc.) 

Auxiliaries, central station, method of drive.. 

Balance factor, definition. . . 

Barriers, flash.. 

switch, C. M. & St. P. locomotives.. 

Boosters, exciter voltage regulation. 

Boulenge chronograph, description. 

Bridge measurement, alternating current (See Alternating current,) 
measurement, etc. 

Brush holders, protected type. 

Cables, high-tension, short-circuit current, maximum. 

low-tension, short-circuit current, maximum.. 

underground, construction.. 

lightning protection. 

practise tendencies. 


cieccnc srrengtn or. 

Alloys, magnetic properties (See 
Alternating current, generators, 


341 

1057 


1743 

1117 

1117 

1435 

1580 

1227 


921 

1895 

1896 

1929 

1930 
1918 
1926 

1901 

1904 

1981 

1988 

1988 

1989 
1981 
1989 
1988 
1967 
1972 
1941 
1950 


1522 

1467 

652 

727 

1541 

338 


628 

1285 

1285 

848 

1934 

860 


43 









































44 


TOPICAL INDEX 


Cascade control, lamps, multiple system... 38 

Central stations, use of reactors (See Reactors, etc.) 

Chronograph, Aberdeen, description. 341 

Boulenge, description... 338 

Circuit breakers, exciter use. 1582 

high speed...618, 646 

general connections. 621 

oil, report on. 838 

Circuits, geometrical, four degrees of freedom. 279 

Coal, characteristics, steam plant performance.. 93 

consumption of, U. S. 134 

Commonwealth Edison Company, exciter system.. 1553 

system, reactors, description of. 1195 

short-circuit trouble, Sept. 1919— 1195 

Commutating poles, high reluctance. 627 

Commutator, synchronous, apparatus. : .. 408 

as suppressor, mathematical analysis.. 433 

on A. C. 425 

series. 409 

shunt. 423 

notes on. 407 

Compensating coils, wattmeter. 557 

Condensers, air, capacity measurement. 1078 

electrostatic. 1995 

a-c. circuit... 1999 

application to oscillating circuits. 2004 

d-c. circuit. 1998 

distributed capacitance. 2002 

electric welding. 2013 

energy. 1128 

high frequency and lightning protection.. 2005 

induction coil contact sparking elimina¬ 
tion. 2014 

laboratory testing.. 2014 

. motor starting. 2014 

oscillation circuit.... 1997 

power factor correction, advantages. 2008 

*■ i i j •_ _ r • _ _ r»Ai a 


calculation of size 2010 


telephone service. 2003 

static, power factor correction.. . ._. 1784 

synchronous, power factor correction. 1783 

welding, electro-percussive. 1427 

Conductors, armature, losses, eddy current.. 997 

solid bar, eddy current losses, calculation of. 1014 

stranded, eddy current losses, calculation of. 1010 


Constant-current generators, arc welding, design of (See Generators, 


constant-current, etc.) 

Control, electric, C. M. & St. P. locomotives.734, 747 

motor, C. M. & St. P. locomotives..717, 747 

power, generating stations. 1215 

series system, street lighting... 8 

Controller, master, C. M. & St. P. locomotives. 719 

Converters, synchronous, 60-cycle, flash suppressor. 648 

flashing, barriers.627, 652 

causes. 634 


commutating charac¬ 


teristics 


642 


remedies 

Core, losses, separating, method of... 

Corona, constants, measurement.. 

determination, air density, measurement.... 

effect of frequency. 

galvanometer method. 

telephone method. 


631 

291 

1061 

1092 

1099 

1086 

1085 


























































TOPICAL INDEX 


45 


Corona ( continu.d ) 

formation, empirical formula. 1059 

measurement, visual. 10S4 

nitrogen fixation (See Nitrogen, fixation) 

voltage, method of measurement. 1061 

diagram connections... 1063 


kenetron vs. svnchronous 


commutator. 1067 

voltmeter. 1057 

Cost, initial,, exciter systems. 1528 

operating, exciter systems. 1528 

power factor correction, comparative analysis. 1787, 1803 

hydroelectric.'. 143 

plants, hydroelectric vs. steam.143, 146 

welding, arc, constant, current. 1416 

Cottrell, precipitation process, blast-furnace gas dust. 870 

Creed system, printing telegraph. 174 

Crest voltage, measurement, synchronous commutator. 407 

Current, a-c., measurement. 550 

d-c., measurement... 546 

short-circuit, maximum, low-tension cables. 1285 

Cut-out devices, series street lighting... . . '.. 60 

Cutouts, primary, report on. 840 

Damping, constant, oscillating systems.. 451 

Demand, maximum, measurement of. 1S47 

continuous recording meter.... 1866 

integrated demand instrument . 1857 

lagged demand meter._.. • I860 

meters, operation on various 

loads. 1864 

quantity or unit for basis. 1850 

sustained peak. 1855 

Wright meter. 1862 

Detectors, temperature, embedded (See Temperature, detectors, 
etc.) 

Direct-current, circuits, regulation inherent. 309 

generators, exciter service.. 1595 

Disconnecting switches, magnetic force on calculation (See Switches 
disconnecting, etc.) 

Distribution, secondary, transformer size, most economical... 1815 

spacing, most economical.. . . 1814 

wire size, most economical. 1815 

systems, a-c., advantages.. 1768 

economic study of.. 1807 

power factor, correction of.; • * * 1-767 


secondary, voltage drop, most economical 1813 

Disturbances, system, report on... 838 

secondary, annual cost. 1810 

Eddy current, losses, armature conductors. # . 967 

density calculation. 1000 

infinitely stranded. 1010 

solid bars.. .'. 1614 

three strand.. 1032 


two strand. 

Electric discharge, nitrogen, atmospheric, fixation of. 

locomotives, C. M. & St. P..... . 

strength, air. 

Electrical machinery, committee report. 

measurements, commercial, accuracy (See Measure- 


1026 

761 

711 

1057 

835 


ments, electrical, etc.) 

Electrochemistry and electrometallurgy, committee report. 
Electrolysis, railway circuits, automatic substations, effect of 
Electrolytic arresters, spark gap, use of. 


833 

678 

1967 



















































46 


TOPICAL INDEX 


Electromagnetic, welding apparatus. 1427 

Electro-percussive, welding developments in.. 1427 

Elect rophy sics, committee report. 899 

Electrostatic condensers (See Condensers, electrostatic, etc.) 

energy, condenser. ... .. 1128 

E. M. Fs., thermoelectric, measurement of. 371 

Energy, electrical, measurement... 577 

electrostatic, condenser. 1128 

magnetic. 1115 

system, a-c..1117 

Engineering, analysis of the labor problem.. 823 

Exciter system, Commonwealth Edison Company.. . .. 1552 

Exciters, alternator requirements.. 1580 

booster regulation........ 1541 

building up of field, theory. 1618 

circuit breakers, use of. 1582 

commutating pole. 1586 

efficiency, hydro installations.. . .. 1529 

field switches, use of. 1582 

hydroelectric plants, Northwest practise. 1625 

operation of, direct connected. 1615 

parallel operation of. 1605 

practise, Southern California Edison Co. 1633 

regulators, use of... ;.1586, 1589 

rheostats. 1581 

selection and design.. 1521 

factors, auxiliary power service. 1522 

bus arrangements. 1547 

circuit voltage.. 1570, 1579, 1595 

control system. 1569 

economy. 1571 

effect of exciter system troubles. 1535 

generators falling out of step. . 1533 

field opening. 1534 

load loss. 1532 

shut-down. 1534 

system short-circuit. 1530 

• initial cost. 1528 

kind of drive. 1543 

operating cost.. 1528 

protective apparatus. 1549 

reliability... 1539 

shunt or compound winding.'. 1545 

simplicity.... . . .. 1538 

space requirements. .. 1527 

standby equipment. 1567 

station splitting.. .. 1534 

storage batteries. . 1525 

voltage.. . 1547 

voltage regulation. 1524 

storage batteries, use of.... 1583 

system layout, number and size of machines. 1540 

systems, comparison of. 1576 

voltage range factors... 1597 

Fixation., nitrogen, atmospheric, absorption apparatus. 770 

apparatus, improved. 767 

early investigations. 762 

improved apparatus, losses. 783 

power meas¬ 
urement. . 774 

original apparatus. 764 

power measure¬ 
ment. 765 





























































wusssb « wm f — 5 —v **—; h b pp^p; 


TOPICAL INDEX 47 


Fixation, nitrogen, atmospheric (continued) 

silent electric discharge. 761 

Spiels experiments. 786 

Flash barriers. 626 

suppressor. 648 

Flashing, remedies, converters, 60-cycle. 631 

Frequency, effect on corona formation.:. 1099 

Friction, losses, separating, method of. 291 

Furnaces, electric, carbon resistor type. 871 

iron ore smelting. . 867 

pig iron, synthetic. 869 

Galvanometer, corona detector.. . . .. 1086 

precision, measuring thermoelectric e.m.fs...'-.. 371 
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damping. 379 

errors. 377 
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vibration... ... 359 

operation principle.. 360 

performance. 366 

sensitivity, greatest. 362 

the vibrator... 364 

Gaseous conduction light, low-voltage circuits.. 2021 

Generating stations, power control and stability. 1215 

Generation, electric power, super-power plan. 101 

Generators, a-c., super power system. 121 
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heat sources. 952 
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water cooling. 955 
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Generators, d-c., turbo (continued) 

temperature, determination. 

indicators, location. 

ranges, effect of. 

ventilation, air volume. 

and temperature... 

axial.. 

circumferential. 

radial. 

Heat flow, armature copper, turbo generators... 

iron, turbo generators. 

Hydroelectric, exciter systems, efficiencies. 

plants, exciter, practise, Northwest... 

super power system... 

power, cost of. 

Illumination, committee, annual report.. 

street, series system (See Lighting street, etc.) 

Impedance, measurement, bridge networks. 

Indicators, temperature, location, turbo-alternators. 

Induction motors, speed and power factor control (See Motors, 
induction, etc.) 

Inductive interference. .. 

series system, street lighting.. 

Inherent regulation, d-c. circuits (See Regulation, inherent, etc.) 

Instruments and measurements, committee report.. 

Insulators, high tension, super power system. 

porcelain, high tension. 

materials, mechanical strength.. 

piezo-electric effect... 

porosity of. 

temperature change 

effect.. • • 

temperature . resist¬ 
ivity coefficient.... 

process of manufacture. . . .. .. 

suspension, design and selection. 

dielectric between electrodes. 

governing factors. 
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puncture voltage. 

shape. 
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grading... 

operating characteristics. 
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Iron and steel industry, committee report. 

losses, separating, method of. 
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Lighting and Illumination, committee, annual report. 

street, Chicago system. 

“Conduit Return" system. 

multiple, advantages. 

control of.. 

extent of. 

lamp characteristics. 

systems... 


942 

944 

904 

940 

915 

919 

920 

916 

921 
925 

1529 

1625 

131 

143 

889 

1743 

944 


848 

17 

842 

162 

1179 

1179 

1185 

1182 

1181 

1184 

1711 

1645 

1659 

1650 

1651 
1655 

1652 
1686 
1663 
1647 
1691 
1665 
1662 
1669 

863 

291 

868 

1067 

823 

8 

2021 

889 

67 

50 

34 

37 

33 

46 

33 























































TOPICAL INDEX 


49 


Jtti 


Lighting, street ( continued) 

series, constant potential. 0 / 

advantages. 63 

cut-out devices. 60 

disadvantages. 62 

constant potential, substations, outdoors.. 74 

series system.... 1 

advantages. 4 

apparatus. 10 

circuit limits. 5 

control. 8 

copper clad steel vs. copper wire .... 19 

development. 4 

extent of use... 2 

grounding. 25 

inductive interference of. 17 

lamp characteristics. 8 

maintenance. 14 

various systems, comparison of, table.■ 64 

Lightning, arresters, 4000 volt' circuits (See Arresters, lightning, 
etc.) 

discharge, description of effect on transmission lines. . . 1941 

impulse waves, effect on reactors. 1310 

Load factor, determination.. 

Locomotives, electric, C. M. & St. P., Bald win-Westmghouse. . . 711 

circuit breakers. 618 

description. 713 

design, electric. 732 

electric equipment. 716 

G. E. 741 

master controller. 719 

motor generator. 725 

motor performance curve. 717 
regenerative braking. ... 718, 720 

requirements. 711 

heavy traction. 127 

Losses, no-load, separating, method of. ; . 291 

Machinery, electrical, losses, no-load, method of separating. 291 

Magnetic energy, reactive power.. : . •••••* 

force, disconnecting, switches, calculation of (bee 
* " Switches, disconnecting, etc.) 

properties, alloys, iron-nickel.^. 791- 

preparation. 793 

testing. 795 

results. 796 

Marine, committee, annual report. 10I7 

Maximum demand, measurement of. 1847 

Measurement, alternating currents, bridge methods (See Alterna¬ 
ting current, measurement, etc.) 

Measurements, electrical, commercial, accuracy... 495 

expression of. 496 

how obtained. 499 

requirements. 497 


Measurements, electrical, commercial, instruments, accuracy, 

conditions, effect of. 

construction.. 

design and workmanship. 

design features.. 

electrostatic effects. 

frequency, wave form and power factor. 

guarantees.. 

handling.. 

maintenance. 
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Measurements ( continued ) 

^ mechanical balance. 530 

operating principle.. .. 499 

over-loads.... 512 

proper installations:. 508 

room temperature.... 514 

scale law. 501 

range.’ ’ 513 

self-heating. 51 g 

stray fields..' ’ ’ . 520 

voltage. 538 

zero adjustments. 503 

Measurements, projectile velocities.,.. 337 

Meters, demand, continuous recording.. 1866 

lagged. I860 

maximum, operation on various loads. 1864 

Pi? k .. 1858 

Pnntometer. 1859 

integrated demand... 1857 

power factor, unbalanced circuits. 1 . 1486 

watthour, accuracy. 377 

Moore, gaseous conduction light.. 2021 

Motor generator C. M. & St. P. locomotives. 725 

synchronous, power factor correction. 1783 

Motors, a-c., compound excited, commutator. 1152 

series, commutator, constant speed. 1142 

shunt commutator. 1158 

constant speed. 1147 

induction, circle diagram. 1136 

power factor. 1774 

speed and power factor control. 1135 

locomotive, C. M. & St. P. design.732, 745 

railway, C. M. & St. P. description. 716 

single-phase, starting, electrostatic condensers. 2014 

synchronous, effect on power factor. 1777 

power factor correction. 1460 

Multiple, street lighting svstems (See Lighting, street, multiple, 
etc.) 

Multiplex, printing telegraph. 193 

Murray automatic system, printing telegraph.180, 200 

Nitrogen, fixation, electric discharge (See Fixation, nitrogen, etc.) 

No-load losses, ^separating, method of. 291 

Oscillograph, vibrator, constants. 465 

Oscillographmeter. 457 

Oscillographs, testing..... 443 

oscillographmeter... 467 

Oxide film arresters, lightning, performance. 1981 

Parallel operation, alternators. . ... 1227 

feeder reactors.. 1250 

oscillation. 1231 

slipping. 1236 

synchronizing power. 1271 

exciters. 1605 

Phase modifier, effect on power factor. 1781 

Piek, demand meter. 1858 

Piezo electric effect, insulator porcelain. 1185 

Pilot wire control, street lighting, multiple. 39 

Plant performance, steam, essential statistics. 91 

Polyphase power factor, committee report. 1449 

measurement of. 571 

Porcelain, insulator, high tension. 1179 

Porosity, insulator porcelain.. . .. 1182 
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Potential, constant, series, street lighting. 57 

' drop, measurement, compensated millivoltmeter. 385 

network, measurement, millivoltmeter. 390 

_ exciter systems. 1547 

Potentiometer, deflection. * 3 gg 

Power, control and stability, large stations. 1215 

electric, economical supply of. 101 

factor control, induction motors (See Motors, induction, 
etc.) 

correction of. 1767 

electrostatic condensers, size calculation.. 2010 

use of synchronous apparatus.... 1460 

definition, balance factor..... 1467- 

determination methods... 1460 

distribution system, comparative cost of correc¬ 
tion..1787, 1803 

effect on losses. 1771 

regulation. 1772 

induction motor, effect of. 1774 

over¬ 
volt¬ 
age. 1776 

phase modifiers, effect of. 1781 

relation to capital invested. . .. 1770 

reactive load. 1794 

static condenser, effect of. ,.. 1784 

synchronous condensers, effect 

of. 1783 

motor generators, 

effect of. 1783 

motors, effect of. . 1777 

transformers, effect of. 1775 

over- 
v o 1 tage 1776 

improvement, dependent on metering. 1457 

meters, unbalanced circuits.. . . .. I486 

polyphase circuits... 1449 

development from single-phase equations. 1452 

power contract clauses. 1457 

unbalanced conditions.... 1119 

unit, loss measurements. 1852 

industrial and domestic, committee report... 875 

measurement of..... 556 

polyphase, measurement.... 571 

reactive. 1115 

machine size.•.. 116 

stations, committee report... 897 

steam, plant performance, coal characteristics. 93 

essential statistics. 91 

Precipitation, electrical, dust, blast furnace gases. 870 

President’s Address. 823 

Printing, telegraph, systems (See Telegraph, printing, etc.) 

Printometer, maximum demand. 1859 

Projectile, velocities, measurement of.. 337 

Protection, lightning, 4000-volt circuit arresters (See Arresters, 
lightning, etc.) 

short-circuit, substations, d-c.. . 617 

Protective devices, committee report. 837 

Railway, substations, automatic (See Substations, railway, etc.) 

Reactive power. 1115 

Reactors, busbar, power limiting. 1218 

coil, relation of- reactance to resistance. 1281 

feeder. 1220 

parallel operation of alternators... 1250 
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Reactors ( continued ) 

generator, power limiting. 1217 

N. Y. Edison system. 1212 

Philadelphia system. 1210 

use of...... • 

voltage stresses. 1289 

end turns, effect of. 1315 

impulses due to lightning, effect of. 1310 

initial distribution. 1301 

production of steep waves.. 1301 

resonance, effect of. 1318 

short-circuit current, instant of interrup¬ 
tion of. 1301 

shunt resistance, effect of. 1312 

shunting resistance, effect of. 1301 

tests, short-circuit. 1290 

variation with current.. • * • * 1303 

point of wave at opening.. 1307 

speed of interruption. 1306 

Regenerative braking, performance curves, C. M. & St. P. locomo- 

...718, 720 

Regulation, distribution systems, power factor effect.• 1772 

inherent, d-c. circuits. 309 

elevator loads, effect of. 333 

inductive added to inductive load 325 
non -inductive 

load. 321 

load on unloaded ma¬ 
chine. 317 

non-inductive added to i n d u c - 

tive load 323 

n o n - 
induc- 

• tive load 319 

load on unloaded 

machine. 311 

voltage, basis of system. 1600 

exciter systems.. 1524 

Regulators, exciter service...^89 

Relay, polar, printing telegraph. toy 

protection, report on. 

Relays, instantaneous, report on. 7 

Repeater, circuits, telephone, output networks, maximum. 231 

Report, annual, electrical machinery committee....• • * • 835 

electrochemistry and electrometallurgy committee. 833 

electrophysics. > . 899 

industrial and domestic power committee. 875 

instruments and measurements committee. 842 

lighting and illumination committee. 889 

iron and steel industry committee. 863 

marine committee... 879 

power stations......• - 897 

protective devices committee .... 837 

telegraphy and telephony committee. 847 

traction and transportation._. 900 

transmission and distribution committee. 853 

Resistors, carbon, electric furnace. 871 

Resonance, circuit, sharpness of. 452 

effect on reactors.. 

vibrator, oscillograph, sharpness. 452 

Rheostats, exciter service... 

Saturation, alloys, iron-nickel. /yi 
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Telegraph, printing ( continued ) 

Murray automatic... ... IgO 

printer. 184 

receiving perforator. 182 

speed control of reed.... 184 , 200 

* output.■. 223 

polar relay. 109 

Siemens-Halske receiving. 188 

system. 186 

systems. 107 

tendencies. 849 

Telegraphy and telephony, committee report. 847 

Telephone, circuits, maximum output, one transformer. 245 

three resistances and trans¬ 
former. 249 

output, maximum, general properties. 236 

repeater, master circuit...; . .. 239 

transformers, ideal. 277 

corona detector... ’ iQgg 

repeater circuits.... 234 

output networks, maximum. 231 

substation circuits.. 233 

Temperature, coefficient of resistivity insulator porceiain..... 1184 

detectors, embedded, experience with... 971 

flow of heat to slot sides. 973 

location, of highest copper 

temperature. 988 

variation between upper and • 

lower coils.'. 974 

. thermocouple vs. resistance coils 984 

determination, turbo generators. 942 

generators, turbo (See Generators, turbo, etc.) 

indicators, location, turbo alternators.. 944 

ranges, effect on insulation of generators.. . . 904 ' 

1 hermoelectric e.m.fs. measurement of.. 371 

Time clocks, street lighting, multiple control. 42 

Toll lines... . 

Traction and transportation, committee report. 900 

Transformers, a-c. arc welding... ” 1435 

current ..... '. V. V.V. 551 * 587 

ideal.. 277 * 

power factor.. 1775 

si'ze, secondary distribution system. 1815 

spacing-, secondary distribution system. 1814 

voltage. ... 543,587 

transmission and distribution, committee report. 853 

high-tension, super power system. 164 

high-voltage, committee report......... '. 856 

_ . line, lightning impulses, effect on reactors.. 1310 

Transmitter, automatic, printing telegraph. 172 

Turbines, steam, super-power system..... H8 

Turbo-generators, failures, classification of (See generators, turbo, 
etc.) - * 

Unbalance, measurement bridge networks... 1743 

« 0 . S. Light & Heat Corp., welding arc,, machinery. 1423 

Vacuum tubes, crest voltage measurement.... 432 

•Velocities, projectile, measurement of. 337 

’ocity, measurement, Aberdeen chronograph, procedure. 349 

Tati on, turbo generators (See Generators, turbo, etc.) 

£>n, galvanometer. 359 

a-c. measurement... 542 

.crest, measurement, synchronous commutator. 407 

"-c., measurement. 533 
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Series suppressor, mathematical analysis 


433 




Short-circuit protection, substations d-c. (Sec tmorecuuu, short- 
circuit, etc.) 

voltage stresses.. •••••••*;• ; ; • .. 

Biemens-Halske, telegraph, pnntnig, ug i-spcx . 

Southern California Edison Co. axater * OVlUn'ing' etc’)' ’ 
Spark saps, arrester, lightning (Sec Airost . 1 , Lightning, ; 

* ^ characteristics, impulse vs. sphere.. 

Statistics, essential, steam power plant pcrfoimancc... 

Steel, making of, electric furnace.;.• •••. . 

treatment of, electric furnace pioccss. 

Storage batteries, exciter systems..... 

* ’systems (See Lighting, street, multiple, 


1293 

186 

1633 


1972 

2014 


91 

868 

872 

1525 

1583 


Street lighting, multiple 
etc.) 

series, constant potential. : . 

Substations, telephone, output, nettwmks maximum 

automatic, speed of opeiatum.. 

protection, short-circuit, 

circuit, etc.) 

railway, automatic. •••••■ • • * • : * *. 

budding design.. 

city service, heavy.. 

coal saving.. 

electrolysis. 

feeder saving.. 

light-load savings... 

load factor. 

operating expenses.. 
operation details. . . 
recording apparatus 
two-unit stations... 


231 

709 


Protection, short- 


Super-power plan. .. 

system, 


effect on railroads.. 
generators, a-c. 


and selection' (See Insulators sus- 


insulat.ors, high tension..... 
locomotives, heavy traction, 
transmission, high tension.. 

turbines, steam.* ■ ■ 

Suppressor, flash.• . 

Suspension insulators, design 

Switches, 1 iHsmmneeting, magnetic force on, calculation.. 

field, exciter use.*. 

Switching, high-tension, railways.. . ■ •. 

Synchronizing power, parallel alteinau .. 

Synchronous commutator, notes on....- 1 

machines, parallel operation ol... 

Synthetic pig iron, electric furnace...' * ‘ ‘ ‘ ‘ ’ 

Telegraph, printing, accuracy. . • • * * ' * v, * * *. 

h automatic transmitter.. 

Creed system...... 

printer... 

receiving perforator. 

high-speed.... 

time losses. 

line economies. 

maintenance.* .. 

multiplex. . 

printer.... 

transmitter... 


659 

665 

677 

664 
668 
668 

663 

665 
661 
669 
692 

664 
101 
103 
121 
162 
127 
164 
1 IK 
648 


1337 

1582 

695 

1271 

407 

1227 

869 

284 

172 

174 

178 

n< 


220 
226 
225 
168, 193 
198 
* 11 / 
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Voltage ( continued )‘ 

drop, most economical, secondary distribution system.... 1813 

stresses, current reactors (See Reactors, etc.) 

short-circuit, instant of.. 1293 

Voltmeter, corona. .*. ’ * 1057 

advantages.. 1107 

as standard. 1058 

vs. sphere gap. mi 

milli, compensated ,■. 3 g 5 

TT . calibration.. . . . 389 

Voltmeters, crest. 545 

Wattmeters, electrodvnamic. 55 Q' 

electrostatic.^ ' ' 570 

hot-wire. 576 

induction. *”**’’ 570 

Welding, arc, a-c. transformers. 1435 

automatic apparatus. 1405 

constant current, costs. 1416 

generators, constant current, design of (See Genera¬ 
tors, constant current, etc.) 

machinery, characteristics..!. 1411 

interconnected constant current ad¬ 
vantages. 1416 

Ur S. Light & Heat Corp. 1423 

multiple. 1410 

Wilson Welder & Metals apparatus.1409 

electro-percussive... 1427 

advantages.. 1431 

condenser type apparatus. 1427 

electromagnetic type apparatus. 1427 

electrostatic condensers, use of. 2013 

long arc vs. short arc. 1433 

Wilson Welder & Metals apparatus arc welding. 1409 

Windage losses, generators, turbo. 940 

separating, Method of.. . .. 291 

Wire, copper vs. copper clad steel. 19 

size, secondary distribution systern... 1815 

Wright, meter, maximum demand. 1862 


ft 


































